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ABSTRACT 
 
 
This dissertation describes the crystal growth, chemical structures, and efforts made 
towards the understanding of the physical properties of novel ternary rare-earth intermetallics, 
which may display signature behavior such as superconductivity, heavy fermion behavior, 
intermediate valence, and/or large magnetoresistance.  To address the problem of correlating 
these characteristics with structural features, several ternary antimony- and tin-containing 
phases, Ln-T-X (Ln = lanthanide; T = Co, Ni, Pd; X = Sn, Sb), have been synthesized in single 
crystalline form by metallic flux-growth methods and characterized by X-ray diffraction.  The 
antimonide compounds LnNi1-xSb2 (Ln = Y, Gd-Tb, Er, Yb), α,β-LnNiSb3 (Ln = La, Ce, Pr, 
Nd, Sm), and LnPdSb3 (Ln = La, Ce) are structurally similar containing Ln-capped Sb nets, and 
adopt three different structure types.  The contributing effects on the physical properties (large 
magnetic anisotropy and/or large positive magnetoresistance) due to the low-dimensionality 
and layering are discussed.  The high symmetry of the stannides Ln3Co4Sn13 (Ln = La, Ce) 
leads to interesting magnetic and transport behavior.   
Transport measurements for the tetragonal (P4/nmm, No. 129) HfCuSi2-type LnNi1-xSb2 
(Ln = Y, Gd-Er; x ~ 0.4) indicate metallic behavior and, most interestingly, positive 
magnetoresistance for each compound, with giant positive magnetoresistance [MR(%) = (ρH - 
ρ0)/ρ0 x 100] above 100% for the Y-, Dy-, and Ho-analogues at 3 K and 9 T. 
Magnetization data for the orthorhombic (Pbcm, No. 57) CeNiSb3-type PrNiSb3, 
NdNiSb3 and SmNiSb3 compounds show antiferromagnetic behavior with TN = 4.5 K 
(PrNiSb3), 4.6 K (NdNiSb3), and 2.9 K (SmNiSb3).  Resistivity data indicate metallic behavior. 
 xvii
CePdSb3 and β-CeNiSb3, have been grown from an Sb flux and adopt a new structure 
type (Pbcm, No. 57), with Z = 8, and a ~ 12 Å, b ~ 6 Å, c ~ 12 Å, and V ~ 1000 Å3.  These 
compounds are compared to CeCrSb3 and CeNiSb3. 
Cubic ( nPm3  No. 223) Ln3Co4Sn13 (Ln = La, Ce) adopt the Yb3Rh4Sn13-type structure.  
The La compound shows a corresponding sharp superconducting transition at Tc ~ 2.8 K, while 
a largely enhanced specific heat coefficient at low T with a low magnetic transition temperature 
suggests a heavy-fermionic character for the Ce compound. 
 
 
 1
CHAPTER 1.   INTRODUCTION 
 
 
1.1 Motivation 
Highly correlated electron systems are of considerable interest, particularly in the 
design, discovery and growth of novel bulk materials.  One of the primary driving forces of 
basic research in the physics of new materials is the synthesis of these materials in single 
crystalline form.  The study of the magnetic and transport behavior of single crystals allows for 
a fundamental correlation of the structures and physical properties of these materials which 
may lead to technological applications.   
Our interests lie in the crystal growth, chemical structures, and understanding of the 
physical properties of new rare-earth intermetallics which may display signature behavior such 
as superconductivity and/or heavy fermion behavior, enhanced magnetic susceptibility with 
local-moments at high temperatures, intermediate valence, and large magnetoresistance.  Some 
of the phenomena we seek to address include the interactions between the f-electrons and the 
conduction electrons in heavy fermion systems.  In addition, we also want to study the role of 
transition metals in heavy-electron systems along with the relationship of the magnetism to 
superconductivity in these materials. 
1.1.1 Why Highly Correlated Materials? 
We seek to study heavy fermion behavior because of the parallel to the study of 
superconductivity.1-7  Heavy fermions are materials that, at low temperatures, possess enhanced 
interaction between the f-electrons and the conduction electrons which results in effective 
masses ~ 100 times that of a free electron.2,4   This phenomenon leads to large electronic 
specific heat or Sommerfeld coefficient (γ) values obtained from heat capacity measurements 
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with γ ≥ 100 mJ mol-1 K-2.  The total heat capactity (C) of a metal is the sum of the electron and 
phonon contributions and may be written as  
      3TTC βγ += ,       (1.1) 
where T is temperature and β is the phonon contribution.  Since at low temperatures the 
electronic term, or γ, becomes linear in T, is convenient to rewrite Equation 1.1 as 
      2T
T
C βγ += ,                 (1.2) 
so that the heat capacity data may be plotted as C/T versus T2 to give a straight line with slope β 
and intercept γ.  Although the heavy fermion behavior is not yet well understood, the large γ 
values of these materials is believed to be a result of the weak overlap of wavefunctions of the 
f-electrons and neighboring ions. 
Heavy fermion materials may order magnetically at low temperatures, and may also 
display superconductivity, or no opposition to the flow of an electric current below a critical 
temperature, i.e., infinite conductivity.4  The unconventional phenomenon of the coexistence of 
magnetic ordering and superconductivity is very intriguing as the superconductivity is 
magnetically-mediated.  Most heavy fermion compounds are Ce-, Yb-, or U-based, although a 
Pr-based heavy fermion, PrOs4Sb12, was discovered and found to be superconducting below Tc 
= 1.85 K.8,9  Moreover, NdOs4Sb12 and SmOs4Sb12 are also newly discovered heavy fermion 
compounds.10-14  Some of the well-known and recently found heavy fermion systems are listed 
in Table 1.1.  Examples (those with superconducting transitions are followed by a 
corresponding Tc value) include CeCu2Si2, (Tc ~ 0.50 K),15 Ce(Co, Rh, Ir)In5 [Tc ~ 2.3, 2.2 (17 
kbar)16 and 0.4 K, respectively)],17,18 YbTCu4 (T = Zn, Ag, Cd, Au),19 UBe13 (Tc ~ 0.85 K),20 
UPt3 (Tc ~ 0.50 K),21 URu2Si2 (Tc ~ 1.5 K),22,23 UNi2Al3 (Tc ~ 1.0 K),24 and UPd2Al3 (Tc ~ 2.0 
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K).25,26  YbBiPt has γ ~ 8 J mol-1 K-2, which to the best of our knowledge, is the highest value 
for any heavy fermion material.27  We note that there are a variety of structure types that these 
compounds adopt.  They include the well-known tetragonal ThCr2Si228 (with > 700 compounds 
crystallizing with this structure),29 tetragonal CaBe2Ge2,30 hexagonal Ni3Sn,31 hexagonal 
ZrNiAl,32 hexagonal PrNi2Al3,33 cubic AuBe5,34 and cubic NaZn1335 structure types which are 
shown in Figure 1.1.   
Our search for highly correlated systems has in part been motivated by the search for 
materials for spintronics, a new technology that combines electronics with the manipulation of 
conduction electron spins.  One of the most successful strategies for producing technologically-
relevant magnetoresistive materials is to enhance the effects of field-dependent magnetic 
scattering processes through the creation of magnetic superlattices,36,37 or by doping magnetic 
insulators such that a magnetic and metal–insulator transition coincide.  The study of these 
materials can perhaps lead to the exploitation of the ‘spin’ of an electron rather than its charge.
An example of a spintronic device is the giant magnetoresistive spin-valve head for magnetic 
hard-disk drives (storage devices).   Some of the physics that we wish to study include the 
change of resistivity with magnetic field and temperature.  One way to change the properties of 
a material is to carefully tune the behavior by altering its chemistry (e.g. by elemental 
substitutions or by doping). 
 A partial, yet fairly comprehensive, list of heavy fermion systems is provided here, 
hence our challenge: to identify structural features that favor heavy fermion behavior.  We 
begin to see that compounds with high symmetry are favorable for heavy fermion 
superconductivity, however, we must now also consider the role of local symmetry in 
compounds such as noncentrosymmetric CePt3Si.137  To correlate the structures and the
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Figure 1.1.  Structure types: (a) ThCr2Si2, (b) CaBe2Ge2, (c) ZrNiAl, (d) Ni3Sn, (e) AuBe5, and (f) NaZn13. 
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Table 1.1.   Examples of Heavy-Electron Systems Grouped by Structure Type with Physical 
Properties a 
 
Compound           Structure Ordering,  γ   Tc (K)  Reference 
   type TC, TN (K) (mJ mol-1 K-2) 
 
CeCu2Si2 ThCr2Si2 AFM, 0.7 1100e 0.65  38 
CeRu2Si2 ThCr2Si2 AFM, 1.5 385e f  39 
CeRh2Si2 ThCr2Si2 AFM, 39 & 27  400 mKg  40 
CePd2Si2 ThCr2Si2 AFM, 10 250 0.4g  40,41 
CeNi2Ge2 ThCr2Si2 MM 350e 0.22g  42-45 
CeCu2Ge2 ThCr2Si2 AFM, 4.15  0.64g  46-48   
CeCoIn5 HfCoGa5 b 290e 2.3  18 
CeRhIn5 HfCoGa5 AFM, 3.8 400e 2.1g  16 
CeIrIn5 HfCoGa5 b 750e 0.4  17   
Ce2RhIn8 Hf2CoGa8 AFM, 2.8 400e 2.0g  49 
Ce2IrIn8 Hf2CoGa8 b 700e f  50 
CePdGa6 CePdGa6 AFM, 5.5 230 – 400d f  51,52 
Ce2Ni3Ge5 U2Co3Si5 AFM, 5.1 & 4.5 90d f  53 
Ce2Rh3Ge5 U2Co3Si5 AFM, 5.5 148d f  53-55 
Ce2Ir3Ge5 U2Co3Si5 AFM, 10 152d f  54,55 
CeCu2 CeCu2 AFM, 3.5 82 – 90d f  56,57 
Ce(CuxGa1-x)2 CeCu2 (AFM?FM) 115 f  57 
CeCuGa CeCu2 c 110 f  57-59   
Ce3Co4Sn13 Yb3Rh4Sn13 b 4000 – 4200e f  60,61  
Ce3Ir4Sn13 Yb3Rh4Sn13 AFM, 0.6 670e f  62,63 
Ce3Pt4In13 Yb3Rh4Sn13 AFM, 0.95 1000e f  64 
Ce3Ru4Ge13 Yb3Rh4Sn13 (FM)  111d  f  65 
Ce4-xRu4Ge12+x Yb3Rh4Sn13   492 – 592 f  65 
CeRuSn3 (Yb)Pr3Rh4Sn13 (AFM), 0.6 1670e f  66,67 
CeRuGe3 CeRuGe3 (FM) 107d c  65 
CeNi2Sn2 CaBe2Ge2 AFM, 1.8 600e f  68-71 
CeCu2Sn2 CaBe2Ge2 AFM, 1.6  f  71 
CeRh2Sn2 CaBe2Ge2 AFM, 0.47  f  71 
CePd2Sn2 CaBe2Ge2 AFM, 0.50  f  71,72 
CeIr2Sn2 CaBe2Ge2 AFM, 4.1  f  71 
CePt2Sn2 CaBe2Ge2 AFM, 0.88 3500e f  71,73 
CeNi2Sb2 CaBe2Ge2/ThCr2Si2 AFM, (1) 400e f  74,75 
CeCu2Sb2 CaBe2Ge2     75,76 
CePdSb3 CaBe2Ge2 b 250e f  74 
CeNiGa3 ThCr2Si2/CePtGa3 AFM, c 250e f  74 
CePd2Al3 PrNi2Al3 AFM, 2.8 380e f  77 
CeAuAl3 BaAl4 AFM, 1.32 227d f  78 
CeRuSi CeFeSi b 220e f  79,80 
CePtSi LaPtSi b 800e f  81 
Ce(Pt1-xAux)Si LaPtSi b c f  82 
CeCu6 CeCu6 b 1300 – 1600e  f  83-87 
Ce(Cu0.9Ag0.1)6 CeCu6 b 2800e f  88 
CeCu4Al CeCu5 b 280d, 2000e, high field f  89-91  
CeCu4Ga CeCu5 b 3150e f  92,93 
CeCu2Zn2Al CeCu5 b 1800e,  high field f  90,91 
CeAl3 Ni3Sn b 1620e f  94 
Ce3Al Ni3Sn/α,γ-Ce3Al  AFM, 2.5 200d   95 
Ce5Sn3 W5Si3 (AFM, 17.5) 400d f  96 
CePb2 MoSi2 AFM, 3.6 200d f  97 
CePb3 AuCu3 AFM, 1.1 200 – 250d 0.48g  98-103 
CeIn3 AuCu3 AFM, 11 120d 0.175g  41,104-108  
Ce3In AuCu3 1.8 680e f  109-111 
CeAl2 MgCu2 AFM, 3.8  135e – 150 f  112-117 
Ce5Ni2Si3 Ce2NiSi AFM, 7.3 600e f  118 
CeNi9Si4 CeNi9Si4/NaZn13 c 155e f  119-121 
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Table 1.1 cont’d. 
 
Compound           Structure Ordering,  γ   Tc (K)  Reference 
   type TC, TN (K) (mJ mol-1 K-2) 
 
CeNi9Ge4 CeNi9Ge4 b 5500e f  122,123 
Ce5Ni6In11 Ce5Ni6In11 AFM, 0.63 & 1.10 145d f  124 
Ce2Cu8Al9 Th2Zn17 b 1900e f  125 
CeFeGe3  BaNiSn3 b 150 f  126,127 
CeCoGe3 BaNiSn3 AFM, complex 111d f  128,129 
CeRhSi3 BaNiSn3 AFM, 1.8 120e g  130-132 
CeIrSi3 BaNiSn3 AFM, 5.0 125e f  130,131 
CeCo0.89Ge2 CeNiSi2 b 128d f  133 
CeNiGe2 CeNiSi2 AFM, 3.9 & 3.2 98d f  134-136 
CePt3Si CePt3B AFM, 2.2 390e 0.75  137 
CePdIn Fe2P AFM, 1.8 700e f  138-140 
CePtIn Fe2P b 500e f  138,141,142  
CeNiAl4 YNiAl4 b 175e f  143,144 
Ce3Cu4Sn4 Gd3Cu4Ge4 AFM, 10.3, 9 330d f  145,146 
  7.3, 2.6      
Ce3Cu4Ge4 Gd3Cu4Ge4 AFM, 10.3 225d f  146 
  7.8, 2.6 
Ce6Ni2Sn Ho6Ni2Ga b 160e f  147 
Ce7Ni3 Th7Ni3 AFM, 1.8 1200d/9000e, high field f  148-150 
Ce24Co11 Ce24Co11 b 1800d f  151-154 
CeFe4Sb12 LaFe4P12 b 180d f  155 
Ce0.9Fe3CoSb12 LaFe4P12 b 350d f  155 
CeInCu2 CeInCu2 b 1200e f  156-158 
Ce3Al11 La3Al11 FM, 6.2 ; AFM, 3.2 120 f  159-162 
CeNiSn ε-TiNiSi (AFM) 190 – 200 f  163,164   
Ce8Pd24Ga Ce8Pd24Sb AFM, 3.1 3300e f  165   
Ce8Pd24In Ce8Pd24Sb AFM, 2.5 1720d/1000e f  165,166 
Ce8Pd24Sn Ce8Pd24Sb AFM, 5.7 1030d/1900e f  165 
Ce8Pd24Sb Ce8Pd24Sb AFM, 6.4 & 5.1 400e f  165,167 
Ce8Pd24Pb Ce8Pd24Sb AFM, 5.8 1160d/790e f  165 
Ce8Pd24Bi Ce8Pd24Sb AFM, 4.6 1360d/1400e f  165 
 
PrFe4P12 LaFe4P12 AFM, 6.4 1000e f  168-170 
PrOs4Sb12 LaFe4P12 c 600d 1.85  171,172   
PrInAg2 BiF3 b 6500e f  173 
 
NdOs4Sb12 LaFe4P12 FM, 1 435 – 530d f  10-12 
 
SmFe4Sb12 LaFe4P12 FM, 1.6 370e f  174-176 
SmOs4Sb12 LaFe4P12 FM, 2.6 880d f  12-14 
   
YbBiPt MgAgAs (AFM), <1 8000e f  27,177 
YbNiSb MgAgAs b 150 – 175d f  178,179   
YbPdSb MgAgAs AFM, ~ 1 240d f  180,181  
YbPdBi MgAgAs b 470d f  180 
Yb2Co3Ga9 Y2Co3Ga9 b 112d f  182   
YbPtIn ZrNiAl (AFM), 3.5 430d/700e f  183,184   
YbRhSn ZrNiAl AFM, 2 360d/1200e f  181,184,185  
YbPtSn ZrNiAl AFM, 3.5  370e f  181,186,187 
YbNiAl ZiNiAl AFM, 3 350d f  188,189  
YbAgGe ZrNiAl < 1 570e f  190-192 
YbNiGa ε-TiNiSi c 450d f  184 
YbPtAl ε-TiNiSi AFM, 5.8 200 f  189,193 
YbNiSn ε-TiNiSi FM, 5.6 300 f  194  
YbRhSb ε-TiNiSi FM, 2.7 188d  f  195   
Yb2Ni2Al Mo2Ni(B/Al)2 b 700e f  196  
Yb4As3 anti-Th3P4 b 205d f  197  
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Table 1.1 cont’d. 
 
Compound           Structure Ordering,  γ   Tc (K)  Reference 
   type TC, TN (K) (mJ mol-1 K-2) 
 
YbAgCu4 AuBe5 b 245d f  198 
YbAuCu4 AuBe5 <1 150d f  19,198 
YbPdCu4 AuBe5 <1 200d f  198 
YbZnCu4  AuBe5 b 230d f  19 
YbCdCu4 AuBe5 b 174d f  19 
YbCu5-xAgx AuBe5/CaCu5 c 210 – 460d f  199   
YbCu4.5 YbCu4.5 b 430d/560e f  200-202  
YbCu3.5 (YbCu3.5) c 270d c  201 
YbNi2B2C LuNi2B2C b 200d/530e f  203,204  
YbCu2Si2 ThCr2Si2 g 135 f  205,206 
YbRh2Si2 ThCr2Si2 AFM, 65 mK 370e f  207,208 
YbPd2Si2 ThCr2Si2/BaAl4 b 203 f  209-211 
YbIr2Si2 ThCr2Si2/CaBe2Ge2 b 370e f  208   
YbCuAl Fe2P (AFMc), 28 260d f  212,213 
YbSi CrB AFM, 1.6 600 f  214,215 
YbPd CsCl AFM, c 600 f  216 
      
UBe13 NaZn13 AFM, 8.8 1100e 0.85  20,217,218 
UPt3 Ni3Sn AFM, 5.5  450d 0.5  21,219,220  
UCd11 BaHg11 AFM, 5 840d f  221 
U2Zn17 Th2Zn17 AFM, 9.7 500d f  222 
U14Au51 Gd14Ag51 AFM, 22 315d f  223,224 
U2PtC2 U2IrC2 b 75d 1.47  225 
URu2Si2 ThCr2Si2 AFM, 17.5 75 – 180d 1.5  226-228   
UIr2Si2 CaBe2Ge2 AFM, 6 105d/300e f  229,230 
URh2Ge2 ThCr2Si2/CaBe2Ge2 b 130d f  231,232 
UNi2Al3 PrNi2Al3 AFM, 4.6 120e 1  24 
UPd2Al3 PrNi2Al3 AFM, 14 140 – 150e 2  25,233 
UPd2(Al1-xGax)3 PrNi2Al3/BaB2Pt3 AFM, ~10 – 14.5 ~150 – 230e ~0.33 – 1.9 234 
UPd2Ga3 BaB2Pt3 AFM, 13 230d f  235  
U3Ni3Sn4 Y3Au3Sb4 b 92e f  236 
U3Cu3Sn4 Y3Au3Sb4 AFM, 12 380e f  236 
U3Pt3Sn4 Y3Au3Sb4 b 94e f  236 
U3Au3Sn4 Y3Au3Sb4 b 280e f  236 
UCu5 AuBe5 AFM, 16 86d f  237 
UAgCu4 AuBe5 AFM, 18 310 f  237,238 
UCu4Pd AuBe5 c  f  239-241 
UCu3.5Pd1.5 AuBe5 b  f  239,240 
UAuPt4 AuBe5 b 725e f  242 
U3Ni5Al19 Gd3Ni5Al19 AFM, 23  185e f  243  
UCu5Al UCu5Al AFM, 18 180d f  244,245 
UCu5In CeCu5Al AFM, 23 170d f  245 
UCu5Sn CeNi5Sn Ferri-, 53.5 330d f  245-247   
U2Ni2In U3Si2 AFM, 15 200e f  248,249 
U2Rh2In U3Si2 b 280e f  248,249 
U2Pd2In U3Si2 AFM, 38 393e f  248,250 
U2Pt2In Zr3Al2/U3Si2 b 830e f  248,251-253 
U2Ni2Sn U3Si2 AFM, 25  f  248 
U2Rh2Sn U3Si2 AFM, 24 131e f  248 
U2Pd2Sn U3Si2 AFM, 41 203e f  248,250 
U2Ir2Sn U3Si2 b 130e f  248 
U2Pt2Sn U3Si2 AFM, 15.5 334e f  248 
UPdIn Fe2P AFM, 21 280e f  254-257 
U2RuSi3 U2RuSi3 b 115   258,259 
U2PdSi3 AlB2 (FM), 75 180e f  259,260 
U2PtSi3 AlB2 FM, (90) 200d   261,262 
U3Si5 AlB2 b 110d f  262-264 
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Table 1.1 cont’d. 
 
Compound           Structure Ordering,  γ   Tc (K)  Reference 
   type TC, TN (K) (mJ mol-1 K-2) 
 
USn3 AuCu3 b 171d f  265,266 
UAl2 MgCu2 b 142e f  267-269 
 
NpBe13 NaZn13 AFM, 3.4 900e f  217,270 
NpSn3 AuCu3 AFM, 9.5 242e f  271,272 
 
PuCoGa5 HoCoGa5 DM, 18.5 77e 18.5  273 
   
aAbbreviations: TC, Curie temperature; TN, Néel temperature; γ, Sommerfeld coefficient; Tc, superconducting transition 
(critical) temperature; AFM, antiferromagnetic; FM, ferromagnetic; MM, metamagnetic; Ferri-, ferrimagnetic; DM, 
diamagnetic;  
bPauli, Curie-Weiss or Van Vleck paramagnet, or does not magnetically order down to lowest temperature measured, or was 
not measured/reported; 
cnot explicitly stated/reported; 
dCp/T or Cm/T at ambient pressure, or the magnetic contribution to the specific heat determined by subtracting out the lattice 
(phonon) contribution β and plotted versus T2; the linear specific heat coefficient (γ) is determined by extrapolating data above 
phase transition to T = 0 K and estimated from least-squares fits to equation Cp/T = γ + βT2 [where the Debye phonon 
contribution ( )34 5/12 DrR Θ= πβ , r is the number of atoms per formula unit, R is the universal gas constant, and ΘD is the 
Debye temperature; 
elow-temperature specific heat at phase transition (kink), or maximum in C/T, or estimate of C/T vs T data extrapolated to T = 0 
K, or C/T at lowest temperature; 
fnot measured/reported or is not superconducting; 
gsubstance undergoes magnetic transition or becomes superconducting under applied pressure. 
*For articles referenced in this table see also references therein.  Data collected from samples from various studies may not 
agree due to variations within the samples such as phase purity, stoichiometry and lattice disorder; and may also be due to 
errors made during measurements. Parentheses indicate possible magnetic ordering of the specified type. 
 
physical behavior of these materials, some other characteristics to consider include rare earth 
environments, lattice dimensionality, and structural units.  Our approach to such a challenge is 
considered both exploratory and systematic. 
In this document, several ternary intermetallic antimony-containing and tin-containing 
systems that we have investigated will be highlighted.  The goal here is to present new systems 
in which the phenomena and/or implications of heavy fermion behavior, superconductivity, 
magnetism and/or magnetoresistance may be observed and studied, and the problem of 
correlating these characteristics with structural features may be addressed.   
1.2 Synthesis and Characterization 
1.2.1 Flux Growth 
In the synthesis of many new ternary intermetallic phases, we have explored the use of
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several main group elements as metallic fluxes.  The flux growth method has been employed as 
a synthetic route to forming many compounds – mostly binaries of the transition metal borides, 
carbides and silicides.274  Further details on the various flux-growth methods have been 
described elsewhere.275,276  This technique has afforded us the opportunity to grow several 
novel and interesting phases, and also phases previously synthesized and characterized by 
polycrystalline methods (direct reactions of the elements).  The relatively low melting points of 
the main group elements allow for phase formation at low and manageable temperatures.  
These metallic fluxes serve as a solvent and in most cases are incorporated into the structure.  
In this section, the specifics for crystal growth, structure characterization and physical property 
measurements used in our studies are discussed.  Detailed synthesis and characterization 
information for each ternary system will be provided in subsequent chapters.   
Our sample preparation begins by first evaluating the binary phase diagrams within 
each intermetallic ternary system.  A binary phase diagram depicts the behavior of two solid 
components in a system as a function of temperature by defining the ranges of stability of 
different phases in regards to the stoichiometry of the mixture and temperature.  This, when 
taken into account with the melting points of the flux elements (gallium, indium, and in 
particular tin or antimony), serves as a precursor to generating a carefully designed temperature 
profile.  The profile is designed to prevent secondary phases from forming in the melt, to allow 
for congruent melting of the starting materials, and ultimately to stimulate the rapid growth of 
large single crystals.  Samples are made by first combining the elements in precisely calculated 
ratios into alumina crucibles which are covered with quartz wool then sealed into evacuated 
quartz tubes.  The air-free environment inside the inert fused-silica ampoule prevents oxidation 
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from occurring during crystal growth.  Figure 1.2 shows a diagram of the reaction vessel with a 
simple temperature profile.  After reaching the appropriate temperature at the end of a
 
 
Figure 1.2.  Schematic of quartz ampoule (reaction vessel) with simple temperature profile. 
 
temperature cycle (always above the melting point of the flux metal), the excess flux, or 
solvent, is still liquidus and is filtered through the quartz wool by centrifugation.  The single 
crystals are left behind and are mechanically extracted, after which, the remaining flux is 
chemically etched from the surfaces whenever necessary, and the crystals are properly stored 
for later characterization.  A selection of single crystals from several of our growths is shown in 
Figure 1.3.  
1.2.2  X-ray Diffraction 
Structure determination of the intermetallic compounds presented in this document is 
performed using X-ray diffraction (XRD).  Powder XRD (using a Bruker D-8 X-ray 
Diffractometer with monochromatized Cu Kα radiation, λ = 1.540562 Å) is used to determine 
the homogeneity of each sample batch by collecting data on single crystals which have been
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Figure 1.3.   A selection of single crystals from several growths: (a) RhSb, (b) Ce3Co4Sn13, (c) 
La3Co4Sn13, (d) CePdSb3, (e) GdNi1-xSb2, (f) Ni3Sn4, (g) NdNiSb3, (h) β-CeNiSb3, 
and (i) Scanning electron microscopy image of CePdSb3. 
 
ground into a powder using a mortar and pestle.  Single crystal XRD (using a Nonius Kappa 
CCD X-ray Diffractometer with graphite monochromatized Mo Kα radiation, λ = 0.71073 Å), 
is also used to confirm the sample homogeneity by performing multiple lattice determinations 
on several single crystals.  Direct methods are employed to solve the structures using the 
SHELXL97 software package.277 
Structural characterization by means of X-ray diffraction is governed by Bragg’s law 
which is derived in Figure 1.4.  Crystalline samples are bombarded with X-rays which are 
scattered and analyzed by a detector.  Incident X-ray beams IB1 and IB2 to parallel Planes1 and 
2, respectively, with interplanar spacing d are reflected as RB1 and RB2 at an angle θ.  The
(a) (b) (c)
(d) (e) (f)
(g) (h) (i)
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atoms at positions O and y will be made to vibrate as a result of the incident beams, causing an 
 
 
 
Figure 1.4.  Conditions for diffraction and derivation of Bragg’s law. 
 
oscillation in all directions.  At the proper Bragg angle θ, the reflected beams RB1 and RB2 will 
interfere constructively with each other with waves that are in phase, resulting in diffracted 
beams of maximum intensity.  Destructive interference (cancellation) occurs at angles other 
that the Bragg angle.  From the diagram it is shown that compared to IB1, IB2 has a longer 
distance xyz to travel.  By drawing perpendicular lines from O to x and z, respectively, 
equivalent angles ‹xOy and ‹zOy appear and xy = yz.  For RB2 to be in phase with RB1, then xy 
+ yz must equal to 2xy which is an integral number of wavelengths λ.  This relationship is 
shown by the equation 
     2xy = nλ,      (1.3) 
where n is a whole number integer.  Since sinθ is identical to xy/d, it can be shown by 
substitution into Equation 1.3 that 
2d sinθ = nλ,      (1.4) 
which gives Bragg’s law. 
d
θ θ
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Supplementary to the XRD techniques is scanning electron microscopy (SEM) 
equipped with energy dispersive X-ray (EDAX), which is useful when confirming the 
compositions of our samples.  Using this method, a qualitative analysis of a sample’s makeup, 
i.e., the presence or absence of particular elements, is made by irradiating the sample with a 
high-energy electron beam.  This causes an excitation of the atoms’ electrons to higher energy 
shells.  Once these electrons return to lower energy states, X-ray photons characteristic to 
particular elements are emitted.  A quantitative analysis of the elements present can then be 
made using standards.  
1.2.3 Physical Property Measurements 
Magnetic properties are measured on single crystals or aggregates of single crystals 
using a Quantum Design Superconducting Quantum Interface Device (SQUID) magnetometer.  
Transport measurements are made using a standard four-lead method with a Quantum Design 
Property Measurement System (PPMS) at ambient pressure.  Specific heat data is measured 
with a Quantum Design PPMS using a thermal relaxation method from ~ 0.4 to ~ 30 K in zero 
applied field. 
1.3 Physical Properties278-280 
Perhaps here, as a separate section in the introduction of this document, it is necessary 
to provide a brief background of the theory associated with physical property behavior relevant 
to the research presented here.  The term physical property is somewhat vague as it may pertain 
to a material’s melting/boiling point, texture, density, appearance, odor, or solubility, to name a 
few.  However, more applicable to the scope of the research of a solid-state chemist, is a 
material’s mechanical or electronic behavior.   Since the electronic properties of intermetallic 
solids – particularly the magnetic and transport properties – are most relevant to this work, only 
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these will be discussed.  This is done to provide further insight into the relationship between a 
material’s electronic behavior and its crystal structure. 
1.3.1 Magnetism 
Inorganic materials or compounds which contain transition metals and/or rare-earth 
elements exhibit magnetic behavior primarily as a result of unpaired d- and f-electrons.  The 
type of magnetic behavior exhibited is divided into several categories.  Diamagnetism is 
exhibited by all materials when subjected to an applied magnetic field.  Substances are 
considered paramagnetic (PM) when there is no dipole moment and the electron spins are 
randomly oriented in the absence of a magnetic field.  When a magnetic field is applied, and 
the unpaired electrons of a substance are aligned in a parallel fashion, it is considered 
ferromagnetic (FM).  Substances whose unpaired electrons are arranged in an anti-parallel 
manner with applied field are considered antiferromagnetic (AFM).  When the spins of the 
electrons in a substance become anti-parallel, but unequal, as a result of applied field, the 
substance is considered ferrimagnetic. 
 To determine the magnetic behavior of a material, a sample is placed in a magnetometer 
in which a magnetic field, H, is generated by a superconducting magnet outside the sample 
space.  The magnetic induction or flux density, B, inside the sample is related to H by the 
equation 
     B = H + 4πM,      (1.5) 
where M is defined as the magnetization or the magnetic moment of the sample.  When 
measuring the magnetization, there are two primary experiments which are considered: (1) 
field-dependent magnetization, M(H); and (2) temperature-dependent magnetization, M(T).  
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The magnetic susceptibility (quantification of a material’s magnetization when subjected to 
applied field) of a sample is thus explained by the equation 
     
H
M=χ ,      (1.6) 
or a ratio of the magnetization to field.  The χ of a material may be used to denote the type of 
magnetic behavior exhibited with respect to field and temperature.  Since diamagnetic (DM) 
substances slightly repel magnetic fields, χ is typically small and negative.  PM substances are 
attracted to magnetic fields and usually have small but positive χ.  
Paramagnetism is the simplest type of magnetism in which the magnetization is 
reversible, meaning the same M(H) curve (usually linear and intersects zero) is followed when 
a magnetic field is swept in both directions.  Temperature dependencies of the magnetic 
susceptibility of PM materials can be described by the Curie law, 
     
T
C=χ  ,      (1.7) 
where C is the Curie constant.  This equation holds particularly at high temperatures where 
there is no spontaneous interaction between neighboring unpaired electrons.  As temperature 
decreases, the unpaired spins begin to align in a magnetic field, thus causing χ to increase.  For 
materials with propensities to display FM and AFM order, there is some interactive spontaneity 
that occurs at low temperatures between the neighboring unpaired electrons.  Therefore, a 
modification is made to the Curie law which incorporates a parameter, θ, to indicate the 
strength of these interactions, and becomes Curie-Weiss law, 
     ( )θχ −= T
C
CW ,      (1.8) 
where θ is the Weiss temperature.  Usually FM substances show very large susceptibilities 
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compared to PM substances and deviate from Curie-Weiss behavior below a ferromagnetic 
Curie temperature, TC.  This deviation is caused by the parallel alignment of the magnetic 
moments which eventually saturate in χ.  Substances which order antiferromagnetically 
typically possess smaller χ values than PM substances at low temperatures.  The transition to 
AFM order occurs below a Néel temperature, TN, as a result of disorder, i.e., exchange 
interactions, which couples the magnetic moments and aligns them in an antiparallel manner.   
By plotting the inverse of χ, or χ−1, versus T, more information about the nature of the 
interactions between the magnetic moments is obtained from the Weiss temperature (θ).  The θ 
of magnets is perhaps the most often measured parameter as it is regarded as a measure of the 
interspin coupling.  The sign indicates whether the interactions are responsible for aligning the 
magnetic moments parallel (positive sign) or antiparallel (negative sign).  A linear fit is applied 
to the paramagnetic region (usually at high temperatures) of the χ−1 data since below the 
transition temperatures TC or TN, the data deviates from Curie-Weiss behavior.  Extrapolations 
of the curve to the x-axis give the θ value.  The plots of PM substances typically extrapolate to 
~0 K since they do not tend to order.  For FM substances, θ usually coincides with the TC value 
and is typically greater than 0, causing Equation 1.6 to diverge and approach infinity as T ? θ.  
The θ values for AFM systems are usually less than 0, therefore, Equation 1.8 does not diverge 
with antiferromagnetism appearing below TN which typically is near T = |θ|.   
The slope of the inverse susceptibility curve is 1/C.  The Curie constant is described by 
the equation 
     
( )
k
N
C effB
3
22 μμ= ,      (1.9) 
where N is Avagadro’s number, μB is Bohr magnetons, μeff is effective moment, and k is the 
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Boltzmann constant.  An experimental effective moment can be also obtained from the Curie-
Weiss fit and be compared to the expected effective moment for the magnetic ions to give the 
oxidation states of the magnetic ions.  The calculated effective moment is given by 
     ( )1+= JJgeffμ ,               (1.10) 
where g is the gyromagnetic ratio: 
    ( ) ( ) ( )( )12
1113
+
+−+++=
JJ
LLSSJJg ,              (1.11) 
where J is the total angular momentum, S is the total spin momentum, and L is the total orbital 
momentum.   The origin of the magnetic behavior observed is as a result of two causes, 
electron spin and orbital motion, and it becomes evident from Equations 1.9 – 1.11 how 
magnetic behavior is directly related to the electron configuration of the magnetic ions.  In the 
compounds studied here, only the rare-earth elements contribute to the magnetism or carry a 
magnetic moment, with good agreement between the calculated μeff and the experimental μeff. 
1.3.2 Transport 
In addition to the magnetic behavior of intermetallic solids, we are also interested in the 
electronic transport behavior, or electrical conductivity, where magnitude and temperature 
dependence classifies these materials as either metallic, superconducting or semiconducting.  
Conductivity (σ), or reciprocal resistivity (ρ), is a materials’ ability to carry a current and is 
governed by the equation 
      μρσ ne==
1 ,                           (1.12) 
where n is the number of electrons, e is charge of electrons, and μ is the mobility of the carriers.  
For solids considered metallic, typical electrical conductivity values are between 101 and 105 Ω-
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1cm-1, while for semiconducting materials these values are usually less than 10-12 Ω-1 cm-1. 
Insulating solids possess values between 10-5 and 102 Ω-1 cm-1.  
 At room temperature, collisions of the conduction electrons with lattice phonons are 
greatly enhanced, thus dominating the electrical resistance.  However, at low temperatures 
(liquid helium ~4 K), the electrical resistivity is controlled by collisions of impurity atoms with 
lattice imperfections so that the net resistivity is given by 
     iL ρρρ += ,                (1.13) 
such that ρL is the resistivity due to thermal phonons and ρi represents the resistivity due to 
scattering caused by lattice periodicity.  Experimental electrical resistivity is governed by the 
equation 
     
l
AR ×=ρ ,                (1.14) 
where R is the measured resistance, A is the sample’s area and l is the sample’s thickness.  The 
area and thickness make up the geometrical factors for which a solid must be accounted for.  
Measurements of the temperature-dependent electrical resistivity for metallic compounds show 
a linear decrease until a minimum is reached.  A determination for the quality or purity of a 
sample (crystalline) is defined as the ratio of its residual resistivity [ρi(0)] to its resistivity at 
room temperature, or its residual resistivity ratio (RRR).  For reference, a considerably pure 
sample of copper metal may possess a RRR of 1000.  
 In some metals and alloys, a special type of transport behavior is observed in which the 
electrical resistivity drops suddenly to zero when cooled to liquid helium temperatures.  This 
behavior is known as superconductivity.  As stated earlier in this thesis, superconducting 
materials offer no opposition to the flow of an electrical current as a result of a phase transition 
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(denoted as Tc) from normal electrical resistivity to the superconducting state (an ordered state 
of the conduction electrons where pairs of electrons are weakly connected).  Diamagnetic 
behavior is expected for true superconductors.  By cooling a material in a magnetic field passed 
its Tc, the field is repelled from its interior.  This occurrence is called the Meissner effect.  
 Interesting physical property phenomena may also be observed when magnetism is 
coupled with transport properties, particularly large magnetoresistive effects.  
Magnetoresistance (MR) is essentially a change in resistance with applied magnetic field and 
defined by the equation 
     ( ) 100%
0
0 ×−= ρ
ρρ HMR               (1.15) 
There are several origins of magnetoresistance in magnetic materials, including (1) changes in 
the scattering mechanism (a result of spin fluctuation) and (2) changes in band structure (a 
result of long-range order due to conduction electrons).281   As stated earlier in this chapter, MR 
behavior has relevant technological applications.  Recent interest has been in the 
magnetoresistance of artificially multilayered materials, or thin films, which exhibit negative 
giant magnetoresistance (GMR).  In these materials, GMR effects originate from electron 
scattering, which is reduced when spin moments are oriented along the direction of an applied 
magnetic field.  Though the study of thin films is convenient for many investigations, it is 
important to acknowledge the fact that large MR effects, or colossal magnetoresistance (CMR) 
have been observed in several naturally layered (bulk) materials.  These materials provide an 
alternative to fundamental comprehension of transport behavior in two-dimensional magnetic 
materials.  Compounds such as SmMn2Ge2,282 UNiGa,283 Ce2PdGa10284 and LnNi1-xSb2 (Ln = Y, 
Dy, Ho)285 are similar to the GMR materials in that they are comprised of layers of magnetic 
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elements, suggesting that compounds with similar structural make-ups might exhibit interesting 
magneto-transport properties. 
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CHAPTER 2.   SYNTHESIS, STRUCTURE AND MAGNETO-TRANSPORT OF LnNi1-
xSb2 (Ln = Y, Gd – Er)1 
 
2.1 Introduction 
Antimonides, particularly ternary lanthanide – transition metal – antimonides (Ln – T – 
Sb), are of interest due to their notable magnetic and transport properties and interesting 
structures.1-4  The discovery of colossal magnetoresistance, up to -42% at 5 K and 5 T, in the 
Zintl phase Eu14MnSb11,5 has led to study of magneto-transport behavior of Ln-T-Sb 
compounds.1  At low temperatures, the hexagonal ZrBeSi-type compounds CeNiSb and 
NdNiSb also exhibit negative magnetoresistance behavior with values up to -13% at 2 K and 5 
T, and -18% at 22 K at 4 T, respectively.6  Similarly, the magnetoresistance for NdCrSb37 
(orthorhombic CeCrSb3-type) is negative up to -13% at 5 K and 4 T.  Large negative 
magnetoresistance behavior at 2 K and fields between 4 and 5 T is observed in the LnNiSb 
compounds (cubic MgAgAs-type) with the heavier lanthanide elements Tb (-20%), Dy (-32%) 
and Ho (-2 %).6  In contrast, a few ternary antimonide compounds have been reported to exhibit 
small positive magnetoresistance behavior at temperatures below 5 K: nonmagnetic LuNiSb 
(MgAgAs-type) with 1.5% at 8 T;6 Ce3Rh3Sb4 (cubic Y3Au3Sb4-type) with ~4% at 13 K and 4 
T;8 LaCrSb3 (CeCrSb3-type) with 5.5% at 150 K;9  PrNiSb (ZrBeSi-type) with 7% at 5 T;6 and 
~10% at 4.5 T for the HfCuSi2-type LnCuSb2 (Ln = La, Ce) compounds,10 however CeNiSb2 
shows negative magnetoresistance due to ferromagnetic ordering.10  Furthermore, several 
antimonide phases display large positive magnetoresistance behavior, e.g., LaNiSb (ZrBeSi-
type) up to 20% at 6.4 T,6 and Eu0.83Fe4Sb12 (cubic LaFe4P12-type) reaches a maximum at 130% 
at 2 K and 12 T.11,12 Although the antimonides mentioned above do not comprise an exhaustive 
                                                 
1 Reprinted by permission of American Chemical Society: Thomas, E.L.; Moldovan, M.; Young, D.P.; Chan, J.Y. 
“Synthesis, structure, and magneto-transport of LnNi1-xSb2 (Ln = Y, Gd – Er)”, Chem. Mater., 2005, 17, 5810-
5816. 
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list, it becomes evident that the appearance of positive magnetoresistance, large in some cases, 
can be found and suggests that antimonides may yield interesting magnetic and transport 
behavior as well. 
Magnetic and transport property data from polycrystalline samples of Kondo systems 
such as CeTSb2 (T = Ni, Cu, Pd and Ag) have been reported.13  The CeCuSb2 and CeAgSb2 
compounds order magnetically at 8 and 10 K, respectively.  However, detailed studies of the 
electrical and magnetic properties measured using single crystals of CeTSb2 (T = Ni, Cu and 
Au) show that these compounds possess a quasi-two dimensional electronic state.14,15  The 
CeCuSb2 and CeAuSb2 compounds are antiferromagnets with TN = 6.9 and 5.0 K, respectively, 
and single crystals of CeNiSb2 are reported to have a ferromagnetic transition at TC = 6.0 K.14,15 
Similar to CeNiSb2 is CeNiSb3, which also has a TC of 6.0 K.16  In our effort to grow 
single crystals of the rare-earth analogues of CeNiSb3,17 we have obtained high quality single 
crystals of LnNi1-xSb2 (Ln = Gd – Ho) and two new compounds YNi1-xSb2 and ErNi1-xSb2, 
where x ~ 0.4.  Sologub et al. first reported measurements on powders of the Gd-, Tb-, Dy-, and 
Ho-analogues which order antiferromagnetically below Néel temperatures of 9, 12, 10, and <4 
K, respectively.18   However, magnetic measurements on powders by Szytula et al. show the 
Dy- and Ho-analogues to have metamagnetic transitions below TM = 8.2 and 6.6 K, 
respectively.19   
The structures of the LnNiSb2 (Ln = Ce – Nd, Sm, and Gd – Ho) compounds,18,20 were 
determined from X-ray powder diffraction studies and are reported to crystallize with the 
ZrCuSi2-type or HfCuSi2-type structure.21  Attempts to synthesize the Y- and Er-analogues by 
arc-melting in argon were unsuccessful.18  The structure of the LnNi1-xSb2 (Ln = Y, Gd – Er) 
compounds, which has been described in detail,21 consists of layers of NiSb4 tetrahedra and 
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layers of Sb square nets which are capped by Ln atoms.  This family of compounds is 
isostructural to other LnTSb2 (T = Mn, Fe, Co, Cu, Zn, Pd, Ag, Cd, Au, or substituted with 
main group elements In or Sn) compounds where the T constituent is slightly off stoichiometry 
and written as LnT1-xSb2.18,22-28  
To the best of our knowledge, previous magnetic measurements of polycrystalline 
LnNiSb2 (Ln = Gd – Ho) samples have been limited to magnetization.18,19,29,30  Herein we report 
the synthesis, structure, magnetization, electrical resistivity and magnetoresistance behavior of 
LnNi1-xSb2 (Ln = Y, Gd – Er) single crystals, and three new analogues (Ln = Y, Dy, Ho) of the 
family of antimonides with uncharacteristic large positive magnetoresistance behavior. 
2.2 Experimental 
2.2.1 Synthesis 
The elements Y, Gd – Er (99.9%, ingot), Ni (99.999%, powder) and Sb (99.9999%, 
shot) were purchased from Alfa Aesar.  Sample preparation was carried out in air as the ingots 
were cut into pieces, while the powder and shot were used as received and weighed.  Single 
crystals of LnNi1-xSb2 (Ln = Y, Gd – Er) were obtained by employing a flux-growth method 
using excess Sb.  A 1:2:20 (Ln:Ni:Sb) molar ratio of the elements were combined in an alumina 
crucible.  All samples, with a total mass of nearly 3.3 g, were covered with quartz wool and 
enclosed in fused-silica tubes of approximately 10 cm in length.  They were then heated to 
1423 K for 2 h and cooled to 943 K at a rate of 5 K h-1.  To separate the single crystals, excess 
Sb flux was immediately filtered through the quartz wool by centrifugation.  Black, plate-
shaped crystals of LnNi1-xSb2 (Ln = Y, Gd – Er) with dimensions up to 2 x 2 x 1 mm3 were 
extracted with no noticeable degradation as a result of exposure to air for extended periods.  An 
aggregate of single crystal GdNi1-xSb2 with layered morphology is shown in Figure 2.1. 
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Figure 2.1.   Shown is an aggregate of black GdNi1-xSb2 single crystals.  The blow-up at the 
right highlights the layering along the c-axis within the crystal structure. 
 
Our original aim was toward the synthesis of single-phase LnNiSb3 (Ln = Pr – Nd, Sm, 
and Gd – Yb).  Synthesis of the Ce-analogue has been described previously.31  Via the 
aforementioned synthetic treatment, the early lanthanide elements (Pr, Nd, Sm)17 form 
compounds which adopt the CeNiSb3 structure type,31 while the mid-lanthanide elements (Gd – 
Er) yield compounds isostructural to HfCuSi2.  For this reason, yttrium, has been chosen as the 
nonmagnetic analogue because of its comparable ionic radius.  However, we note that PrNiSb2, 
NdNiSb2 and SmNiSb2 can be synthesized by arc-melting.18 
 In addition to multiple lattice determinations from single crystals, X-ray powder 
diffraction data were collected on several ground single crystals of each compound to confirm 
sample homogeneity.  The diffraction patterns show peaks that correspond to those of the 
HfCuSi2 structure type.21  The diffraction pattern of Y-analogue sample however, also contains 
peaks that are indexable to YSb.32  LnNiSb2 does not form for the Tm and Yb samples under 
our reaction conditions.  Instead TmSb (cubic NaCl-type), and a two-phase mixture of NiSb 
(hexagonal NiAs-type) and NiSb2 (orthorhombic FeS2-type) are formed for the Tm and Yb 
samples, respectively. 
 
1mm
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2.2.2 Elemental Analysis 
Semiquantitative microprobe elemental analysis was performed on an aggregate of 
GdNi1-xSb2 single crystals with a Hitachi S-3600N Variable Pressure Scanning Electron 
Microscope (VP-SEM) with integrated energy dispersive spectroscopy (EDS) capabilities.  
Data were acquired using an accelerating voltage of 20 kV and 50 s acquisition times.  The 
aggregate analyzed resulted in atomic ratios of approximately 1:0.67:2 (Gd:Ni:Sb).  These 
results are in good agreement with the atomic ratios of 1:0.63:2, as obtained from single crystal 
X-ray diffraction structural refinements.   
2.2.3 Single Crystal X-ray Diffraction 
For crystal structure determinations, fragments with dimensions of ~0.08 x 0.05 x 0.10 
mm3 were glued onto glass fibers and mounted onto the goniometer of a Nonius Kappa CCD 
X-ray Diffractometer.  Data were collected using graphite monochromatized Mo Kα (λ = 
0.71073 Å) radiation at room temperature.  Lattice parameters of the LnNi1-xSb2 (Ln = Y, Gd – 
Er) compounds were determined from a 15° ϕ scan.  Table 2.1 lists the crystallographic 
information and other data collection parameters.   
After an appropriate space group, P4/nmm (No. 129, origin #2), was selected and the 
direct methods of SIR9733 were employed, structural calculations and refinements for GdNi1-
xSb2 were done using the SHELXL97 package.34  The preliminary model and subsequent data 
were refined using the atomic positions reported for HfCuSi2,21 and later served as an initial 
model to refine the remaining LnNi1-xSb2 (Ln = Y, Tb – Er) compounds.  The experimental 
intensity data were corrected for absorption, and along with the application of a weighting 
scheme, all atoms were refined as anisotropic.  An extinction coefficient was determined from 
the least-squares cycles.  The refinement initially yielded an )](2[ 22 oo FFR σ>  of 0.0756 with a 
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Table 2.1.  Structural Refinement Data for LnNi1-xSb2 (Ln = Y, Gd – Er) 
 
compound        Y Gd Tb Dy Ho   Er 
space group             P4/nmm     P4/nmm        P4/nmm          P4/nmm          P4/nmm          P4/nmm 
a (Å)                4.2890(3) 4.3096(9) 4.2910(7) 4.2840(5)       4.2790(6) 4.275(5) 
c (Å)                 9.2990(9) 9.3974(16) 9.3220(14) 9.2660(12) 9.2350(10) 9.200(11) 
V (Å3)               171.06(2) 174.53(6) 171.64(5) 170.06(4) 169.09(4) 168.1(3) 
Z                       2 2 2 2 2     2 
size (mm)  
     (min)          0.075 0.025 0.050 0.050 0.050 0.025 
     (mid)           0.125 0.025 0.075 0.075 0.050 0.075 
     (max)          0.150 0.100 0.100 0.100 0.075 0.075 
temperature (K)     298(2) 298(2) 298(2) 298(2) 298(2) 298(2) 
density (g/cm3)     7.098 8.328 8.462 8.605 8.708 8.728 
θ range (˚) 2.19 - 30.00    4.34 - 29.91 2.18 - 29.97 4.40 - 29.95 2.21-30.02 2.21-30.02 
μ (mm -1)             35.22 37.144 38.870 40.382 41.941 43.253 
collected reflections    493 391 388 468 399 409 
unique reflections        181 185 184 182 180    182 
Rint                           0.0293 0.0463 0.0449 0.0431 0.0342 0.0307 
h                             -6 ? 6 -6 ? 6 -6 ? 6 -6 ? 6 -6 ? 6 -6 ? 6 
k                             -4 ? 4 -4 ? 4 -4 ? 4 -4 ? 4 -4 ? 4 -4 ? 4 
l                          -13 ? 12 -13 ? 9 -13 ? 9 -13 ? 11 -13 ? 11 -8 ? 12 
Δρmax (e Å-3)           2.013 2.456 4.048 2.747 2.615 2.273 
Δρmin (e Å-3)             -1.225 -1.394 -3.735 -2.874 -2.674 -3.707 
extinction coefficient    0.0048(12) 0.0048(16) 0.0056(19) 0.0059(18) 0.0125(17) 0.029(3) 
( )FR for 2oF > ( )aoF 22σ  0.0255 0.0300           0.0377          0.0363       0.0319            0.0314 ( )bow FR 2                 0.0509      0.0707          0.0952    0.0852        0.0719      0.0715 
 
a ( ) ∑∑ −= OCO FFFFR  
b ( ) ( )[ ][ ( )[ ]] 2/1222222 ∑∑ − OCOow FwFFwFR . 
 
relatively large displacement parameter ~0.0400 Å2 for the Ni atom.  This led to the refinement 
of the occupation of the Ni (2a) atom site.  To further check for deviations from the ideal 
composition, the occupations of the Gd (2c), Sb1 (2c) and Sb2 (2b) atomic parameters were 
refined in separate sequences of least-squares cycles.  The Ni occupancy parameter refined to 
~63%, however, the Gd and Sb occupancy parameters remained close to full occupancy 
(>98%); therefore the ideal compositions were used in the final least-squares cycles which 
furthermore yielded well-behaved displacement parameters.  The Ueq values for the Sb1 atom 
remains somewhat large, however, the formula GdNi0.63Sb2 as obtained from the above tasks is 
comparable to the EDS results. 
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Table 2.2 shows the atomic positions, Wyckoff symmetry, anisotropic displacement 
parameters, and occupation of atoms for LnNi1-xSb2 (Ln = Y, Gd – Er).  The interatomic 
distances for these compounds are listed in Table 2.3 for comparison of the isostructural 
phases. 
 
Table 2.2.  Atomic Positions, Site Symmetry and Ueq Values for LnNi1-xSb2 (Ln = Y, Gd – Er) 
 
atom Wyckoff site x y z occupancy  Ueq(Å2)a 
 
YNi0.57Sb2 
Y 2c ¼ ¼ 0.76259(14) 1.000 0.0127(3) 
Ni 2a ¾ ¼ 0 0.567(8) 0.0140(10) 
Sb1 2c ¼ ¼ 0.13030(11) 1.000 0.0194(3) 
Sb2 2b ¾ ¼ ½ 1.000 0.0125(3) 
   GdNi0.63Sb2    
Gd 2c ¼ ¼ 0.76214(8) 1.000 0.0150(3) 
Ni 2a ¾ ¼ 0 0.631(13) 0.0184(14) 
Sb1 2c ¼ ¼ 0.12966(13) 1.000 0.0214(4) 
Sb2 2b ¾ ¼ ½ 1.000 0.0153(4) 
   TbNi0.60Sb2    
Tb 2c ¼ ¼ 0.76224(11) 1.000 0.0101(4) 
Ni 2a ¾ ¼ 0 0.596(12) 0.0120(16) 
Sb1 2c ¼ ¼ 0.13057(16) 1.000 0.0168(5) 
Sb2 2b ¾ ¼ ½ 1.000 0.0102(5) 
   DyNi0.59Sb2    
Dy 2c ¼ ¼ 0.76260(9) 1.000 0.0137(4) 
Ni 2a ¾ ¼ 0 0.592(13) 0.0169(15) 
Sb1 2c ¼ ¼ 0.13178(14) 1.000 0.0205(4) 
Sb2 2b ¾ ¼ ½ 1.000 0.0137(4) 
   HoNi0.60Sb2    
Ho 2c ¼ ¼ 0.76286(8) 1.000 0.0105(3) 
Ni 2a ¾ ¼ 0 0.597(10) 0.0139(13) 
Sb1 2c ¼ ¼ 0.13225(13) 1.000 0.0173(4) 
Sb2 2b ¾ ¼ ½ 1.000 0.0105(4) 
   ErNi0.53Sb2 
Er 2c ¼ ¼ 0.76315(9) 1.000 0.0079(4) 
Ni 2a ¾ ¼ 0 0.530(10) 0.0063(13) 
Sb1 2c ¼ ¼ 0.13311(15) 1.000 0.0150(5) 
Sb2 2b ¾ ¼ ½ 1.000 0.0074(4) 
aUeq is defined as one-third of the trace of the orthogonalized Uij tensor. 
 
2.2.4 Physical Property Measurements 
Magnetic properties were measured using a Quantum Design SQUID magnetometer. 
The temperature dependent susceptibility data were measured with an applied field of 1000 G
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Table 2.3.  Selected Interatomic Distances (Å) in LnNi1-xSb2 (Ln = Y, Gd – Er) 
 
compound Y Gd Tb Dy Ho Er 
       
within Sb square nets       
Sb2 – Sb2 ( x 4) 3.0328(2) 3.0476(6) 3.0342(5) 3.0292(4) 3.0257(4) 3.023(4) 
       
Ln – Sb2 ( x 4) 3.2498(10) 3.2729(4) 3.2526(8) 3.2418(7) 3.2358(6) 3.230(3) 
Ln – Sb1 ( x 4) 3.1922(5) 3.2128(8) 3.1945(8) 3.1834(6) 3.1770(6) 3.170(3) 
Ln – Ni ( x 4) 3.0778(9) 3.1048(7) 3.0847(8) 3.0703(6) 3.0616(6) 3.052(3) 
       
Ni – Sb1 ( x 4) 2.4631(5) 2.4756(7) 2.4667(8) 2.4656(7) 2.4636(7) 2.464(2) 
 
 
 
up to room temperature after being cooled to 2 K under zero magnetic field.  Field-dependent 
magnetization data were also collected from zero field to 9 T at 4 K.  The resistivity (down to 2 
K) and magnetoresistance (at 3 K) data have been measured using a standard four probe 
method with a Quantum Design Physical Property Measurement System (PPMS) at ambient 
pressure. 
2.3 Results and Discussion 
2.3.1 Crystal Structure 
The LnNi1-xSb2 (Ln = Y, Gd – Er) compounds crystallize with the HfCuSi2 structure 
type in the tetragonal space group P4/nmm (No. 129) with Z = 2.  The structure of GdNi1-xSb2 
is shown in Figure 2.2.  It is composed of layers of Sb square nets that are capped by Gd atoms, 
and layers of NiSb4 tetrahedra arranged in an anti-PbO fashion.35,36  The Ln, Ni, Sb1 and Sb2 
atoms occupy the 2c, 2a, 2c and 2b positions, respectively. 
A common unit in layered antimonide intermetallic compounds such as LnSb2,37 LnT1-
xSb2,18,22,24,25,38-41 LnSnxSb2,27 and LnTSb3,31,42  are the formation of square or nearly square Sb 
nets.  Within the perfectly Sb square nets of LnNi1-xSb2 (Ln = Y, Gd – Er) are Sb2 atoms which 
are coordinated to 4 other Sb2 atoms separated by distances of 3.0328(2) Å (Y), 3.0476(6) Å 
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Figure 2.2.   Shown is the structure of GdNi0.63Sb2 as viewed along the bc-plane with the unit 
cell outlined as a dashed line.  The Gd atoms are represented as gold spheres, the 
Ni atoms are represented as blue spheres and the Sb atoms are the red spheres.  
Some bonds and atoms are not shown for clarity.  The square anti-prismatic 
environment of Gd is outlined by dashed lines. 
 
(Gd), 3.0342(5) Å (Tb), 3.0292(4) Å (Dy), 3.0257(4) Å (Ho) and 3.023(4) Å (Er). 
 The Ln atoms are inserted between the Sb nets and the NiSb4 tetrahedra.  In the LnNi1-
xSb2 structure, the Ln atoms cap the Sb nets, adopting an environment that is similar to the 
orthorhombic LnSb2 structure.37  The Ln atoms in LnNi1-xSb2 possess a distorted square anti-
prismatic geometry as they are coordinated to 8 Sb atoms (4 Sb2 atoms as the square base, and 
4 Sb1 atoms which form a second square).  With the substitution of smaller Ln elements, the 
distance between the Ln atom and the Sb square nets decrease as a result of lanthanide 
contraction.  These distances are 3.2498(10) Å (Y), 3.2729(4) Å (Gd), 3.2526(8) Å (Tb), 
3.2418(7) Å (Dy), 3.2358(6) Å (Ho) and 3.230(3) Å (Er). 
The Ni atoms are coordinated to 4 Sb1 atoms, forming tetrahedral slabs.  Although the 
Ni-Sb distances in the NiSb4 slabs are equivalent for GdNi1-xSb2, the Sb-Ni-Sb angles are not 
c
a
Sb2 net
Gd
Sb1
Ni
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equivalent, causing the tetrahedra to be somewhat distorted.  The Sb-Ni-Sb angles are 
104.02(2)° and 121.03(5)° for GdNi1-xSb2.  These values are essentially equal to those found in 
the Y- and Tb – Er compounds.   
The Ni site in these LnNi1-xSb2 compounds is not fully occupied (see Table 2.2).  The 
highest Ni occupancy is observed for the Gd-analogue, while the lowest occupancy is found for 
the Er compound.  Deficiencies in the T site have also been observed in the structurally-related 
compounds CeTxSb2 (T = Mn, Fe, Co, Zn, and Cu)24 and LaTSb2 (T = Mn, Co, Zn),22 and also 
in the LnIn1-xSb227 and LnSnxSb2 compounds.26 
2.3.2 Physical Properties 
The temperature-dependent magnetic susceptibility of the LnNi1-xSb2 compounds 
follows a Curie-Weiss Law ( [ ])( θχ −= TC , where C is the Curie constant, and θ is the Weiss 
temperature) down to 6 K in an applied field of 1000 G as shown in Figure 2.3.  Susceptibility 
data were measured on single crystals.  Weak temperature-dependent paramagnetic behavior is 
observed for the Y compound.  At low temperatures (below 6 K), a kink in the susceptibilities 
of the Gd – Er-analogues can be observed.  DyNi1-xSb2 orders antiferromagnetically below 2.9 
K, ErNi1-xSb2 below 3.5 K, GdNi1-xSb2 below 4.2 K, HoNi1-xSb2 below 4.9 K, and TbNi1-xSb2 
below 5.6 K.  These data vary greatly from the reported data, where measurements were 
performed on polycrystalline samples.10,14,18,19,24,30  Table 2.4 compares the previously reported 
data for compounds in the LnNiSb2 series.  A linear fit was applied to the paramagnetic regions 
of each inverse susceptibility plot following the Curie-Weiss law [1/χ = (1/C)T – θ] to obtain 
Weiss temperatures.  The fits extrapolate to negative θ values ca. -60, -29, -14, -10, and -7 K 
for the Gd-, Tb-, Dy-, Ho-, and Er-analogues, respectively, which is indicative of 
antiferromagnetic interactions.  Experimental effective moments obtained from the equation
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Figure 2.3.   Zero field-cooled magnetic susceptibility (χ) as a function of temperature (T) with 
an applied field of H = 1000 G for single crystals of LnNi1-xSb2 (Ln = Y, Gd – Er).  
The inset shows the ln(T) behavior. 
  
Ceff 8=μ , for the LnNi1-xSb2 compounds are 9.12 μB, 9.69 μB, 10.00 μB, 10.75 μB and 10.71 
μB for Ln = Gd, Tb, Dy, Ho, and Er, respectively.  These values are close to the expected values 
for the Ln3+ free ions (Table 2.4).  The experimental effective moments for the magnetic rare-
earth ions in the Gd and Er compounds are slightly larger than the theoretical values obtained 
for these elements in the trivalent state although similar to the previously 
 
Table 2.4.   Structural and Magnetic Data for LnNiSb2 (Ln = Y, La-Nd, Sm, Gd-Er) 
Compoundsa (Formulas Written with “Ideal” Stochiometry) 
 
formula           structure ordering            ordering             θ (K) μexp (μB)                μcalc(μB)           reference 
             type                          temperature 
                Tc*, TN (K) 
 
YNiSb2 HfCuSi2 PMc NAc NA NA 0 this work 
LaNiSb2 ZrCuSi2 PMb NA NA NA 0 18 
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Table 2.4 cont’d. 
 
formula           structure ordering            ordering             θ (K) μexp (μB)                μcalc(μB)           reference 
             type                          temperature 
                Tc*, TN (K) 
 
 
CeNiSb2 ZrCuSi2 AFMb < 4.0 Kb 0.00 1.44 2.54 18 
  ZrCuSi2 AFMb 3.5 Kb -39.2 2.50   24 
  ZrCuSi2 FMb *6.0 Kb     8 
  ZrCuSi2 FMc *6.0 Kc -22.0 2.30 - 2.38   14 
PrNiSb2 “HfCuSi2” AFMb 6.0 Kb -4.00 4.00 3.58 18 
  CaBe2Ge2d AFMb 6.3 Kb -2.50 3.58   30  
NdNiSb2 “HfCuSi2” AFMb < 4.0 Kb -12.0 4.30 3.62 18 
  CaBe2Ge2d AFMb 2.3 Kb +6.00 3.70   30  
SmNiSb2 ZrCuSi2    1.80 0.85 18 
GdNiSb2 HfCuSi2 AFMb 9.0 Kb -44.0 9.60 7.94 18 
  HfCuSi2 AFMc 4.24 Kc -60.0 9.12   this work  
TbNiSb2 “HfCuSi2” AFMb 12.0 Kb -44.0 10.80 9.72 18 
  CaBe2Ge2d AFMb 12.0 Kb -2.50 9.10   30  
  HfCuSi2 AFMc 5.63 Kc -29.0 9.69   this work  
DyNiSb2 HfCuSi2 AFMb 10.0 Kb -27.0 13.00 10.65 18  
        
 HfCuSi2 AFMb 8.2 Kb -5.00 10.20   19 
  HfCuSi2 AFMc 2.93 Kc -14.0 10.00  this work 
HoNiSb2 HfCuSi2 AFMb < 4.0 Kb -12.0 10.20 10.61 18 
  HfCuSi2 AFMb 6.6 Kb -4.50 9.80   19 
  HfCuSi2 AFMc 4.88 Kc -10.0 10.75   this work 
ErNiSb2 HfCuSi2 AFMc 3.52 Kc -7.00 10.71 9.58 this work 
 
a Abbreviations: AFM, antiferromagnetic; PM, paramagnetic; FM, ferromagnetic; TC, Curie temperature; TN, Néel 
temperature; μexp, experimental effective moment;  μcalc, calculated effective moment for Ln3+.  b Experimental data 
collected on polycrystalline samples.  c Experimental data collected on single crystals.  d Note that the structures of 
the LnNiSb2 (Ln = Pr, Nd, Tb) compounds are defect structures of the CaBeGe2 structure type. 
 
 
reported values.  The nonmagnetic analogue YNi0.57Sb2 does not order magnetically and neither 
does the temperature-independent Pauli paramagnet LaNiSb2,18 suggesting that the magnetic 
behavior of the LnNi1-xSb2 compounds is due solely to the magnetic rare-earth atoms, as 
supported by the experimental effective moments.  The magnetic interaction, or long range 
magnetic order in these compounds can likely be described by the RKKY (Ruderman-Kittel-
Kasuya-Yosida) theory43-45 due to the relatively large distances ~5.7 Å between the neighboring 
magnetic ions within the structures.  
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Figure 2.4 shows the field-dependent magnetization M(H) at 4 K for single crystals of 
LnNi1-xSb2 (Ln = Gd – Er).  The magnetization of the Dy- and Ho-analogues begins to show 
signs of saturation below their theoretical saturation moments (μs) of 10 μB as calculated from 
the equation μs = gJ, where g is the Landé factor and J is the total angular momentum of the 
Ln3+ ion.  Below 3 T, a linear relationship of the magnetization-to-field, typical for 
antiferromagnetically ordering compounds, is observed for each analogue with no hysteresis 
present.  The Gd (theoretical μs = 7 μB), Tb and Er compounds (theoretical μs = 9 μB) show no 
signs of saturation up to 9 T. 
 
 
Figure 2.4.   Field-dependence (H) of the magnetization (M) of single crystals of LnNi1-xSb2 
(Ln = Gd – Er) at T = 2 K. 
 
A plot of the temperature-dependent electrical resistivity (ρ) of single crystals of LnNi1-
xSb2 (Ln = Y, Gd – Er) along the ab-plane is shown in Figure 2.5a,b.  Each sample exhibits 
metallic character, with the Gd-analogue (Figure 2.5a) possessing the lowest resistivity ~20 
0
2
4
6
8
10
0 2 4 6 8 10
M
 (μ
B)
H (T)
Dy
Tb
Ho
Gd
Er
T = 2 K
 51
μΩ-cm at room temperature.  Residual resistivity ratios (RRR = ρ298K/ρ2K) for these samples 
range from 1 ~ 4.  There are drops in the resistivity of the Dy- and Ho-analogues – a 
phenomenon commonly observed in rare-earth intermetallics and attributed to Kondo lattice 
behavior.  The magnetoresistance, defined as MR(%) = [(ρH – ρ0)/ρ0] x 100, at 3 K and H 
parallel to the c-axis for each LnNi1-xSb2 compound is shown in Figure 2.6.  The 
magnetoresistance behavior for these antiferromagnetic samples is probably due to electron-
spin scattering at low temperatures.46  The MR of the Dy- and Ho-analogues begins to saturate 
near 5 T above 100% and 150%, respectively.  No evidence of saturation for the Y- and Er- 
 
Figure 2.5.   Temperature-dependence (T) of the electrical resistivity (ρ) of single crystals of 
(a) Ln = Gd, Dy, Ho, Er and (b) Ln = Y, Tb down to 2 K along the ab-plane. 
 
analogues is seen up to 9 T.  Large magnetoresistance has been observed in other layered 
nonmagnetic antimonides, most notably in the rare-earth diantimonide LaSb2 whose MR > 
750% at T = 2 K and H||c at 5.5 T,47 and MR > 8,500% at T = 2 K and H⊥ab-plane at 45 T.48   
Overall, the magnetoresistance behavior for these compounds is systematic and scales with the 
bulk magnetism and correlated to the magnetization. 
0
20
40
60
80
100
120
0 50 100 150 200 250 300
ρ (
μΩ
-c
m
)
T (K)
Er
Ho
Dy
Gd
50
100
150
200
250
300
350
0 50 100 150 200 250 300
ρ (
μΩ
-c
m
)
T (K)
Y
Tb
 52
 
Figure 2.6.   Field-dependence of the magnetoresistance (Δρ/ρ0) at T = 3 K measured on single 
crystals of LnNi1-xSb2 (Ln = Y, Gd – Er) along the ab-plane with an applied field 
up to 9 T parallel to the c-axis. 
 
2.4 Summary 
Single crystals of LnNi1-xSb2 (Ln = Y, Gd – Er; x ~ 0.4) have been synthesized by flux-
growth and characterized by single crystal X-ray diffraction.  We find that the 2a Ni atom site 
in these compounds is partially occupied, as confirmed by EDS and single crystal X-ray 
diffraction experiments, and thus the stoichiometry could be more precisely written as LnNi1-
xSb2, where x is approximately 0.40 for each analogue.  Consequently, the occupation of the Ni 
atom in these LnNi1-xSb2 (Ln = Y, Gd – Er) compounds may dictate the physical properties 
observed.  
Large positive magnetoresistance behavior up to 9 T is observed for each compound in 
LnNi1-xSb2 (x ~ 0.4).  The Dy- and Ho-analogues possess MR values above 100 %, while the 
MR for the Y and Er compounds continually increases with increasing field.  Although the 
ordering temperatures of these compounds do not scale with the de Gennes factor [dG = (g – 
1)2J(J + 1)], the magnetization is due to the magnetic rare-earth ions and correlates
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systematically with number of f-electrons. 
It is worthwhile to note that these LnNi1-xSb2 (Ln = Y, Gd – Er) compounds 
magnetically order at different temperatures compared to their previously reported 
polycrystalline counterparts.  This has also been the case for CeNiSb2, where magnetization 
studies show an antiferromagnetic transition at TN < 4 K;18,24 however, magnetization 
experiments performed on single crystals show a ferromagnetic transition at Tc = 6.0 K.10,14,15  
The analysis of single crystals of these LnNi1-xSb2 (Ln = Y, Gd – Er) compounds eliminates 
some ambiguity of their magnetic property data and will allow for a correlation of their crystal 
chemistry and physical properties. 
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CHAPTER 3.   CRYSTAL GROWTH, CHARACTERIZATION AND PHYSICAL 
PROPERTIES OF PrNiSb3, NdNiSb3 AND SmNiSb31 
 
3.1 Introduction 
Ternary rare-earth (lanthanide) transition metal antimonides, Ln – T – Sb, display a 
variety of interesting physical properties.1  The Zintl phase Eu14MnSb11, exhibits colossal 
magnetoresistance (up to -36%) and shows a ferromagnetic transition at 92 K.2  Recently, the 
first Pr-based heavy-fermion compound, PrOs4Sb12, was found to be superconducting below Tc 
= 1.85 K.3  In the Ln – Ni – Sb system, CeNiSb2 exhibits a ferromagnetic ground state below 6 
K and shows large magnetic anisotropy.4     
Another interesting class of Sb-containing compounds is LaTSb3 (T = V, Cr).5,6  The V 
and Cr analogues of LaTSb3 are isostructural and consist of planes of nearly square Sb nets, 
with Ln atoms positioned both above and below these Sb net planes.  Also included are layers 
of TSb6 octahedra which are face-sharing along the c-axis and edge-sharing along the b-axis.7  
The LnVSb3 (Ln = La-Nd, Sm) phases show no magnetic ordering for the transition metal and 
therefore no 3d moment is present.8  However, the Cr analogue shows two magnetic transitions 
– one for the ordering of Cr at high temperatures (TCr ~ 132 K)6,9,10 and a second for the 
coupled Ln-Cr ordering found at low temperatures (TLn-Cr ~ 10 K).6,8-13  NdCrSb3 shows 
negative magnetoresistance up to -13 % at 5 K with an applied field of 4 T).13   
Closely related to the structure of LaCrSb3 is CeNiSb3, for which the synthesis and 
structure have been recently reported.14  The structure of CeNiSb3 also consists of distorted, 
nearly square Sb nets capped by Ce atoms, and Ni octahedra layers.  However, the NiSb6 
                                                 
1 Reprinted by permission of Elsevier: Thomas, E.L.; Macaluso, R.T.; Lee, H.-O.; Fisk, Z.F.; Chan, J.Y. “Crystal 
growth, characterization and physical properties of PrNiSb3, NdNiSb3 and SmNiSb3”, J. Solid State Chem. 2004, 
177, 4228-4236. 
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octahedra are face- and edge-sharing along the c-axis.  Resistivity measurements for CeNiSb3 
suggest Kondo lattice behavior.14 
We report here the synthesis, structure, and measurements of electrical and magnetic 
properties of three new phases, LnNiSb3 (Ln = Pr, Nd and Sm).  The systematic substitution of 
the lanthanide atom allows for the opportunity to investigate the effects of the structure, 
particularly of the distorted Sb sheets and NiSb6 octahedra, on the physical properties of these 
antimonides. 
3.2 Experimental 
3.2.1 Synthesis 
Single crystals of LnNiSb3 (Ln = Pr, Nd and Sm) were prepared with excess Sb.  These 
phases were synthesized by placing ingots of Pr (99.9% purity, Alfa Aesar), Nd (99.9% purity, 
Alfa Aesar), or Sm (99.9% purity, Alfa Aesar), along with Ni powder (99.999% purity, Alfa 
Aesar), and Sb shot (99.9999% purity, Alfa Aesar), into alumina crucibles in a 1:2:20 
(Ln:Ni:Sb) molar ratio.  Each crucible was sealed into an evacuated quartz tube.  The samples 
were heated to 1423 K and cooled at a rate of 5 K hr-1 to 943 K, at which point, excess flux was 
removed by centrifugation.  Once the samples were cooled to room temperature, the metallic, 
plate-shaped crystals with dimensions up to 1 x 2 x 2.5 mm3, were mechanically extracted.  The 
crystals possessed clean surfaces with no evidence of flux contamination and appeared to be 
moisture sensitive after a week of exposure to air (apparent by the grayish color change). 
3.2.2 Single Crystal X-ray Diffraction 
Plate-shaped crystals with dimensions of approximately 0.040 x 0.100 x 0.080 mm3 
(PrNiSb3), 0.050 x 0.025 x 0.125 mm3 (NdNiSb3), and 0.075 x 0.050 x 0.100 mm3 (SmNiSb3) 
were mounted onto a glass fiber of a goniometer and placed on a Nonius Kappa CCD X-ray 
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diffractometer (Mo Kα = 0.71073 Å).  Data were collected at 298 K.  Data collection 
parameters and crystallographic data are provided in Table 3.1.  The lattice parameters were 
determined from images taken from a scan in 10˚ φ.  The structures were solved using the 
structure of CeNiSb314 as an initial structural model and were refined using SHELXL97.15  
After the refinement of atomic positions, the data were corrected for absorption and 
displacement parameters were refined as anisotropic.  Extinction and weighting schemes were 
also applied to the refinement.  The ( )[ ]22 2 FFR σ>  was 4.32 %, 4.06 % and 3.60 %, with 
largest features in the difference map of 3.831/-2.698 e Å-3, 4.119/-2.467 e Å-3 and 2.954/-
3.014 e Å-3 for Ln = Pr, Nd and Sm, respectively.  Atomic coordinates and anisotropic 
displacement parameters are provided in Table 3.2.  Table 3.3 provides selected interatomic 
distances for CeNiSb3,14 PrNiSb3, NdNiSb3 and SmNiSb3 for comparison. 
 
Table 3.1.  Structural Refinement Data for PrNiSb3, NdNiSb3 and SmNiSb3 
 
formula PrNiSb3 NdNiSb3 SmNiSb3 
space group Pbcm Pbcm Pbcm 
a (Å) 12.5700(2) 12.5090(2) 12.3900(1) 
b (Å) 6.2010(4) 6.1940(3) 6.1760(3) 
c (Å) 18.3670(6) 18.3350(6) 18.2650(6) 
V (Å3) 1431.60(10) 1420.61(9) 1397.65(8) 
crystal dimensions (mm3) 0.040 x 0.080 x 0.100 0.025 x 0.050 x 0.125 0.050 x 0.075 x 0.100 
Z 12 12 12 
temperature (K) 298(2) 298(2) 299(2) 
crystal density (g/cm3) 7.862 7.920 8.188 
θ range (˚) 2.75 – 30.03 2.75 – 30.04 2.77 – 30.01 
μ (mm-1) 30.45 31.36 33.34 
collected reflections 13832 15058 15097 
unique reflections 2155 2141 2105 
Rint 0.0585 0.0459 0.0322 
h -17 ≤ h ≤ 17 -17 ≤ h ≤ 17 -17 ≤ h ≤ 17 
k -8 ≤ k ≤ 8 -8 ≤ k ≤ 8 -8 ≤ k ≤ 8 
l -25 ≤ l  ≤ 25 -25 ≤ l ≤ 25 -25 ≤ l  ≤ 25 
Δρmax (e Å-3) 3.831 4.119 2.954 
Δρmin (e Å-3) -2.698 -2.467 -3.014 
extinction coefficient 0.00041(3) 0.00041(3) 0.00020(2) 
( )FR for ( )aoo FF 22 2σ>  0.0432 0.0406 0.0360 ( )bow FR 2  0.0704 0.0588 0.0486 
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Table 3.1 cont’d. 
 
a ( ) ∑∑ −= OCO FFFFR  
b ( ) ( )[ ][ ( )[ ]] 2/1222222 ∑∑ − OCOow FwFFwFR . 
 
Table 3.2.   Atomic Positions, Site Symmetry and Ueq Values for LnNiSb3 (Ln = Pr, Nd and 
Sm)  
 
atom Wyckoff site x y z Ueq(Å2)a 
      
   PrNiSb3   
      
Pr1 4d 0.305851(6) 0.55725(1) ¾ 0.0103(2) 
Pr2 8e 0.299273(5) 0.026176(9) 0.583435(3) 0.0102(2) 
Ni1 4c 0.10296(2) ¾ ½ 0.0116(4) 
Ni2 8e 0.09879(1) 0.32819(2) 0.675884(7) 0.0139(3) 
Sb1 8e 0.496457(5) 0.29307(1) 0.665923(4) 0.0112(2) 
Sb2 4d 0.221053(8) 0.05208(2) ¾ 0.0113(2) 
Sb3 4c 0.503933(8) ¼ ½ 0.0123(2) 
Sb4 8e 0.225541(6) 0.52539(1) 0.584212(4) 0.0107(2) 
Sb5 8e 0.974097(6) 0.54324(1) 0.586646(4) 0.0115(1) 
Sb6 4c 0.058303(8) 0.68819(2) ¾ 0.0112(2) 
      
   NdNiSb3   
      
Nd1 4d 0.306096(5) 0.55828(1) ¾ 0.0113(2) 
Nd2 8e 0.299445(4) 0.026593(8) 0.583481(3) 0.0116(2) 
Ni1 4c 0.10350(1) ¾ ½ 0.0123(2) 
Ni2 8e 0.09982(1) 0.32803(2) 0.675967(7) 0.0153(3) 
Sb1 8e 0.496253(5) 0.29405(1) 0.665935(3) 0.0123(2) 
Sb2 4d 0.222689(7) 0.05194(2) ¾ 0.0120(2) 
Sb3 4c 0.504041(7) ¼ ½ 0.0129(2) 
Sb4 8e 0.227101(6) 0.52537(1) 0.584209(3) 0.0117(2) 
Sb5 8e 0.973967(5) 0.54317(1) 0.586658(3) 0.0123(2) 
Sb6 4c 0.058583(7) 0.68871(1) ¾ 0.0126(2) 
      
   SmNiSb3   
      
Sm1 4d 0.306545(5) 0.56010(1) ¾ 0.0100(2) 
Sm2 8e 0.299812(4) 0.027112(7) 0.583446(2) 0.0100(2) 
Ni1 4c 0.10494(1) ¾ ½ 0.0110(3) 
Ni2 8e 0.10111(1) 0.32822(2) 0.676185(7) 0.0136(3) 
Sb1 8e 0.496085(4) 0.294081(9) 0.666029(3) 0.0106(2) 
Sb2 4d 0.225516(7) 0.05171(1) ¾ 0.0107(2) 
Sb3 4c 0.504092(6) ¼ ½ 0.0113(2) 
Sb4 8e 0.229836(5) 0.525680(9) 0.584271(3) 0.0101(1) 
Sb5 8e 0.973794(5) 0.543529(9) 0.586736(3) 0.0110(2) 
Sb6 4c 0.059220(6) 0.68905(1) ¾ 0.0110(2) 
aUeq is defined as one-third of the trace of the orthogonalized Uij tensor. 
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Table 3.3.  Selected Interatomic Distances (Å) in LnNiSb3 (Ln = Ce -Nd and Sm) 
 
 CeNiSb314 PrNiSb3 NdNiSb3 SmNiSb3 
     
within Sb square sheets     
Sb1 – Sb1 ( x 2) 3.1031(2) 3.1018(2) 3.0984(2) 3.0895(2) 
Sb1 – Sb1 3.0880(6) 3.089(1) 3.083(1) 3.067(1) 
Sb1 – Sb3 3.0616(3) 3.0606(7) 3.0562(6) 3.0468(6) 
Sb3 – Sb3 ( x 2) 3.1035(2) 3.1021(2) 3.0986(2) 3.0897(2) 
     
Sb2 – Sb6 3.0395(6) 3.046(1) 3.046(1) 3.043(1) 
Sb4 – Sb5 3.1568(5) 3.163(1) 3.1687(9) 3.1746(9) 
Sb5 – Sb5 ( x 2) 3.1714(2) 3.1682(4) 3.1647(3) 3.1555(3) 
Sb5 – Sb5 3.2929(6) 3.293(1) 3.288(1) 3.279(1) 
Sb5 – Sb6 3.3116(4) 3.3061(9) 3.3019(7) 3.2894(7) 
Sb6 – Sb2 3.0395(6) 3.046(1) 3.046(1) 3.043(1) 
Sb6 – Sb5 ( x 2) 3.3116(4) 3.061(9) 3.3018(7) 3.2894(7) 
     
Ln1 – Sb4 ( x 2) 3.2225(3) 3.2141(8) 3.2028(6) 3.1798(6) 
Ln1 – Sb6 3.2262(6) 3.216(1) 3.200(1) 3.166(1) 
Ln1 – Sb1 ( x 2) 3.2838(5) 3.271(1) 3.2590(8) 3.2305(8) 
Ln1 – Sb1 ( x 2) 3.2994(4) 3.288(1) 3.2730(8) 3.2478(8) 
Ln1 – Sb2 3.2629(6) 3.248(1) 3.231(1) 3.198(1) 
Ln1 – Sb2 3.3112(6) 3.309(1) 3.305(1) 3.296(1) 
Ln1 – Ni2 ( x 2) 3.2793(7) 3.263(2) 3.246(1) 3.217(1) 
Ln2 – Sb2 3.2260(3) 3.2174(7) 3.2044(6) 3.1820(5) 
Ln2 – Sb4 3.2400(4) 3.2315(9) 3.2193(8) 3.1989(7) 
Ln2 – Sb4 3.2408(4) 3.2315(9) 3.2211(8) 3.2003(7) 
Ln2 – Sb4 3.2501(4) 3.2408(9) 3.2338(8) 3.2159(7) 
Ln2 – Sb3 3.3137(4) 3.300(1) 3.2875(8) 3.2594(8) 
Ln2 – Sb1 3.3256(4) 3.3132(9) 3.3002(8) 3.2750(7) 
Ln2 – Sb1 3.3550(4) 3.3433(9) 3.3303(8) 3.3054(7) 
Ln2 – Sb3 3.3864(4) 3.3765(9) 3.3646(8) 3.3399(7) 
Ln2 – Sb5 3.4509(4) 3.4384(9) 3.4221(8) 3.3920(7) 
Ln2 – Ni1 3.3921(7) 3.372(2) 3.549(1) 3.329(1) 
 
 
3.2.3 Physical Property Measurements 
Magnetic moments were measured using a Quantum Design SQUID magnetometer.  
The temperature dependent susceptibility data were taken with the applied field of 1000 G up 
to room temperature after being cooled to 1.8 K under zero magnetic field.  Magnetic field 
dependent magnetization data were also checked from zero field to 5.5 T at 2 K.  The resistivity 
data have been measured using a standard four probe method down to 0.35 K with Quantum 
Design Physical Property Measurement System (PPMS) at ambient pressure. 
 
 61
3.3 Results and Discussion 
3.3.1 Structure 
LnNiSb3 (Ln = Pr, Nd and Sm) crystallize in the CeNiSb3 structure type.14  The 
structure of PrNiSb3 is shown in Figure 3.1.  The structure of LnNiSb3 (Ln = Ce-Nd and Sm) 
has been described as being built up of Ln atoms between layers of highly distorted, Ni-
centered octahedra, and layers of buckled, nearly square Sb nets.14   
 
 
Figure 3.1.   The crystal structure of PrNiSb3 viewed down the b-axis with the unit cell shown 
as a solid blue line.  The violet spheres are Pr atoms, the blue spheres are Ni atoms 
and the red spheres are Sb atoms.  The mono-capped square anti-prism 
environments of the Pr1 and Pr2 atoms are shown as dashed lines. 
 
The distorted Sb nets found in LnNiSb3 (Ln = Pr, Nd, Sm) are composed of 4-
coordinate Sb1 and Sb3 atoms.  For Ln = Pr, the Sb1-Sb1 and Sb3-Sb3 bonds with distances of 
3.1018(2) Å regularly repeat along the b-direction, but Sb1-Sb3 and Sb1-Sb1 bonds with 
a
c
b
Pr2Pr1
Sb1 Sb3 Sb1 Sb1 Sb3 Sb1 Sb1 Sb3 Sb1
Sb4Sb4Sb4
Sb5Sb6
Sb2 Sb2
 62
distances of 3.0606(7) Å and 3.0885(13) Å alternate along the c-direction.  Sb-Sb interatomic 
distances for Ln = Ce, Nd, and Sm (shown in Table 3.3) show similar distortions as seen for Ln 
= Pr.  As Ln progresses from Ce to Sm, the Sb-Sb interatomic distances decrease.  Perfectly 
square sheets have been found for the LnTxSb2 (T = Mn, Fe, Co, Ni, Cu, Zn, Pt, Pd, Cd, Ag, 
Au) compounds, where x is usually less than or equal to 1.16-23  The Sb-Sb-Sb angles in 
LnNiSb3 (Ln = Ce-Nd, Sm) deviate from 90˚, further indicating distorted Sb nearly-square nets.  
Distorted Sb nets have also been found in LnCrSb37 and LnIn1-xSb2.24   Substituting smaller 
lanthanide atoms bears only a slight influence on the Sb-Sb distances and Sb-Sb-Sb angles in 
the square nets of LnNiSb3 (Ln = Ce-Nd, Sm). 
The Ln (Pr, Nd, Sm) atoms are located above and below the Sb square net in a 
checkered fashion.  Consequently, one can view the Ln layer as being interleaved between the 
Ni octahedra and Sb square nets.14  The local monocapped square antiprismatic Ln environment 
is shown as dashed lines in Figure 3.1.  This geometry is similar to the rare-earth capped 
antimony nets seen in LnSb2,25 CeNiSb2,26 and LnCrSb3.7  In contrast to LnCrSb3, however, the 
LnNiSb3 phases contain two crystallographically inequivalent sites, Ln1 (4d) and Ln2 (8e), 
whereas the Ln atom in LnCrSb3 occupies only one site.  In LnNiSb3, Ln1 is coordinated to 4 
Sb1 atoms in the square net to form the base of the square antiprism and to 4 Sb atoms (2 Sb2 
and 2 Sb4) in the NiSb6 layer to form a larger distorted square twisted by 45˚ relative to the 
basal square.  Sb6, which is also in the NiSb6 octahedra layer, caps the Ln1 square antiprism.  
Likewise, the Ln2 atom forms a monocapped square antiprism with 4 Sb atoms (2 Sb1 and 2 
Sb3) as the base, 4 Sb atoms (1 Sb2 and 3 Sb4) as the opposing square, and an Sb5 atom as the 
cap.  The distances between the Ln1 atom and the Sb1 square net atoms range from 3.2838(5) – 
3.2994(4) Å for Ce1,14 3.2708(10) – 3.2877(10) Å for Pr1, 3.2591(9) – 3.2730(8) Å for Nd1, 
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and 3.2306(8) – 3.2478(8) Å for Sm1; and the distances between Ln2 and Sb1 and Sb3 in the 
square net range from 3.3256(4) – 3.3550(4) Å and 3.3864(4) Å for Ce2,14 3.3132(9) – 
3.3433(9) Å and 3.3721(15) Å for Pr2, 3.3002(8) – 3.3303(8) Å and 3.3646(8) Å for Nd2, and 
3.2750(7) – 3.3054(7) Å and 3.3400(7) Å for Sm2.   For comparison, the corresponding La-Sb3 
distances in LaCrSb3 (as LnCrSb3 contains only Sb3 atoms in its square nets) range from 
3.347(2) – 3.355(2) Å.5  
The Ln-Sb interatomic distances and thus, the lattice parameters, decrease with ionic 
radii, as expected due to lanthanide contraction.  As Ln progresses from Ce to Sm in LnNiSb3, a 
decreases by ~2 % and both the b- and c-parameters decrease by ~1 %.  The contraction of the 
a-parameter may induce bond strain between the Ln and Sb atoms and further distort the Ni 
octahedra, rendering the latter lanthanide analogues (Ln = Gd – Yb) unstable.  Crystal growth 
of other analogues (Gd-Tm) were attempted, however, we obtained crystals of LnNiSb2 for Gd-
Er.  When Ln = Tm, TmSb was the primary phase present.  Similar results were found for the 
LnCrSb3 (Ln = La – Nd, Sm, Gd – Dy) compounds, although a different synthetic route was 
employed for the synthesis of Ln = (Gd – Dy).  Hence, it may be possible to prepare LnNiSb3 
(Ln = late lanthanides) with a different synthetic route. 
In LnNiSb3, there are Ni1 and Ni2 octahedra which run along the b-direction.  These 
octahedra are edge-sharing in the b-direction whereas they are face-sharing with every third 
octahedron sharing edges in the c-direction. Table 3.4 provides the bond distances and angles 
for the Ni1 and Ni2 octahedra in LnNiSb3 (Ln = Ce-Nd, Sm).  The distances between Ni and Sb 
also contract with increasing Ln size, and are all in good agreement with the Ni-Sb distances of 
2.6082 Å found in NiSb.27   
For the Ni1 octahedra, the largest degree of distortion is found for the “axial” Sb5'-Ni1-  
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Sb5' angle.  These angles are expected to be 180°, but are actually observed to be 136.73(5)°, 
136.32(8)°, 136.24(7)°, and 135.89(7)° for Ln = Ce,14 Pr,  Nd, and Sm, respectively.  These 
bond angles may constitute an enormous amount of angle tension and thus affect the stability of 
the latter lanthanide elements.  The “equatorial” Sb4-Ni1-Sb4 angles (expected to be 90˚) are 
found to be 107.02(3)˚, 106.97(7)˚, 106.71(6)˚, and 106.46(6)˚ for Ln = Ce,14 Pr,  Nd, and Sm, 
respectively.  Consequently, the adjacent Sb5-Ni1-Sb5 angles are more acute (~75˚).  This 
pattern is seen in the Ni2 octahedra as well (see Table 3.4).  The angles of Ni octahedra and Sb 
square nets of SmNiSb3 are the most distorted.  The Ni2-Ni2 distances are 2.7214(12) Å for 
Ce,14 2.723(3) Å for Pr, 2.715(2) Å for Nd, and 2.696(2) Å for Sm, similar to the average Ni-Ni 
distance of 2.5675 Å found in NiSb.27   
 
Table 3.4.  Selected Bond Distances (Å) and Angles (°) in Ni1 and Ni2 Octahedra 
 
bond CeNiSb314 PrNiSb3 NdNiSb3 SmNiSb3 
     
Ni2 – Ni2 2.721(1) 2.723(3) 2.715(2) 2.696(2) 
     
Ni1 – Sb4 ( x 2) 2.5899(6) 2.590(1) 2.590(1) 2.585(1) 
Ni1 – Sb5 ( x 2) 2.6049(6) 2.608(1) 2.606(1) 2.603(1) 
Ni1 – Sb5' ( x 2) 2.5973(4) 2.603(1) 2.6002(9) 2.5976(8) 
     
Ni2 – Sb2 2.6708(7) 2.673(2) 2.670(2) 2.666(1) 
Ni2 – Sb4 2.6186(7) 2.621(2) 2.619(1) 2.617(1) 
Ni2 – Sb5' 2.5778(7) 2.578(2) 2.578(1) 2.573(1) 
Ni2 – Sb5 2.6301(7) 2.631(2) 2.634(1) 2.632(1) 
Ni2 – Sb6 2.5498(7) 2.581(2) 2.552(1) 2.550(1) 
Ni2 – Sb6' 2.6624(7) 2.664(2) 2.665(2) 2.656(1) 
 
angle     
     
Sb4—Ni1—Sb4 107.02(3) 106.97(7)  106.71(6)
 106.46(6) 
Sb4—Ni1—Sb5 74.85(1) 74.77(2) 75.15(2) 75.45(2) 
Sb4—Ni1—Sb5' 103.25(1) 103.41(2) 103.49(2) 103.63(2) 
Sb5'—Ni1—Sb5' 136.89(4) 136.32(8) 136.24(7) 135.89(7) 
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3.3.2 Physical Properties 
Figure 3.2a-c show the temperature dependent susceptibility under applied magnetic 
field of 1000 G along the crystalline bc1- and bc2-planes and the a-axis.  Cusps in the data 
indicate antiferromagnetic transitions in these systems and the corresponding Néel temperature 
is around 4.5 K, 4.6 K, and 2.9 K for PrNiSb3, NdNiSb3, and SmNiSb3, respectively.  The 
anisotropy in the susceptibility data is more obvious from the applied field along the crystalline
  
 
Figure 3.2.   Zero field-cooled magnetic susceptibility (M/H) as a function of temperature (T) 
in a magnetic field of H = 1000 G for single crystals of (a) PrNiSb3 with TN = 4.5 
K, (b) NdNiSb3 with TN = 4.6 K and (c) SmNiSb3 with TN = 2.9 K.  Inset: Inverse 
susceptibility with respect to temperature. The constant paramagnetic offset has 
been subtracted for SmNiSb3. 
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c-axis than the field in the bc-plane.  The inverse susceptibilities, shown in Figure 3.2 insets, 
follow linear dependencies with temperature, suggesting Curie-Weiss behavior above the 
transition temperatures. Anisotropies at high temperature are small and the averaged effective 
moments from the high temperature Curie-Weiss fitting are 3.62μB (PrNiSb3), 3.90μB 
(NdNiSb3), and 0.80μB (SmNiSb3), which are in good agreement with those of Pr3+ (3.58), Nd3+ 
(3.62), and Sm3+ (0.84) as shown in Table 3.5.  This along with the fact that LaNiSb3 does not 
order magnetically down to 2 K indicates that the magnetic moments only come from the rare-
earth atoms (Pr, Nd and Sm) and not Ni.  Negative Weiss temperatures, θw, of ~ -5 K for 
PrNiSb3, -10 K for NdNiSb3, and -10 ~ - 40 K for SmNiSb3 suggest antiferromagnetic 
correlations.  
 
 
Table 3.5.  Magnetic Properties of LnNiSb3 (Ln = Ce-Nd, Sm) Compoundsa 
 
compound     ordering         ordering  μCalc[μB]     μexp[μB]    reference 
         type        temperature   
           TC*, TN [K] 
 
CeNiSb3 FM *~ 6.0 2.54 ~ 2.54    31 
PrNiSb3 AFM 4.5 3.58 3.62     this work 
NdNiSb3 AFM 4.6 3.62 3.90     this work 
SmNiSb3 AFM 2.9 0.85 0.80     this work 
 
aAbbreviations: FM, ferromagnetic; AFM, antiferromagnetic; μexp, experimental effective moment; μCalc, 
calculated effective moment for Ln3+; TC, Curie temperature; TN, Néel temperature. 
 
Figure 3.3a-c show magnetization data with respect to applied magnetic field.   
In PrNiSb3 (Figure 3.3a), the magnetization with the applied magnetic field oriented along the 
crystalline a-axis depends linearly on the field up to about 1 T.  Above 1 T, it deviates from the 
linearity and increases rapidly up to 2 T.  The slope is reduced again above 2 T. Similar 
behavior appears also in NdNiSb3 (Figure 3.3b) over a broader magnetic field range. This is 
most likely due to a spin-flop type of transition by an alternation of the spin arrangement, 
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where antiferromagnetic alignment is broken partially under applied magnetic field.  No 
magnetic field induced transition appears until 5.5 T in SmNiSb3 (Figure 3.3c), which shows 
relatively stronger antiferromagnetic correlation than the Pr and Nd cases.  This is consistent 
with the larger magnitude of the Weiss temperature.  
 
 
Figure 3.3.   Field-cooled magnetization (M) versus field (H) of (a) PrNiSb3, (b) NdNiSb3 and 
(c) SmNiSb3 single crystals along the bc1- and bc2-planes and the a-axis at T = 2 
K. 
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The temperature dependence of the electrical resistivity of PrNiSb3, NdNiSb3 and 
SmNiSb3 along the bc-plane is shown in Figure 3.4.  These compounds show metallic behavior 
with kinks at their Néel temperatures, indicating magnetic transitions.  There are dramatic 
drops of the resistivity below the Néel temperatures due to antiferromagnetic ordering in 
PrNiSb3 and SmNiSb3.  In NdNiSb3, on the other hand, resistivity starts increasing suddenly 
below TN.  Similar features have been reported in Cr and URu2Si2,28-30 where the enhancement 
of resistivity is attributed to partial gapping of the Fermi surface by the magnetic order. 
 
 
Figure 3.4.   Electrical resistivity of (a) PrNiSb3, (b) NdNiSb3 and (c) SmNiSb3 between 0.5 
and 300 K along the bc-plane.  Insets: Low temperature part of resistivity curve. 
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3.4 Summary 
The compounds, PrNiSb3, NdNiSb3, and SmNiSb3 have been characterized by single 
crystal X-ray diffraction experiments.  All three compounds are isostructural to CeNiSb3 and 
are built up of Ln3+ atoms interleaved between layers of highly distorted, Ni-centered 
octahedra, and layers of buckled, nearly square Sb nets.  The Sb sheets and Ni-centered 
octahedra in SmNiSb3 contain the highest degree of distortion.  The Ln-Sb distances are 
shortened for Ln = Ce – Sm, as expected.  These Ln-Sb distances may play an important role in 
affecting the property measurements and RKKY interactions.  PrNiSb3, NdNiSb3, and SmNiSb3 
are antiferromagnets with effective moments close to what is expected for Ln3+.  It is notable 
that all three phases have antiferromagnetically ordered ground states with low Néel 
temperatures, while a ferromagnetic state appears in the Ce-analogue.  Moreover, the magnetic 
properties in Pr and Nd are similar in that they have nearly the same Néel temperature and 
exhibit instability in their antiferromagnetic behavior under magnetic field above 1 T.  The 
antiferromagnetic state in SmNiSb3 is more stable in applied field than Pr and Nd. 
It is worthwhile to note that CeNiSb3 (TC ~ 6 K)31 is least distorted and has the highest 
ordering temperature of all the Ln-analogues in this structure-type.  Examining the Pr-, Nd- and 
Sm-analogues, we have found that the octahedra in SmNiSb3 are most distorted.  This 
distortion may be significant in not only the stability of the structure-type, but also the 
exchange interactions that may influence the ordering temperatures. 
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CHAPTER 4.   STRUCTURE OF NEW ANTIMONIDES LaPdSb3 AND CePdSb31 
 
4.1 Introduction 
Lanthanide transition metal antimonides (Ln – T – Sb), are subjects of interest 
particularly because of their attractive physical properties and rich number of geometric 
networks such as Sb zig-zag chains, Sb2 pairs and Sb4 squares.1-4  Recently, we reported the 
synthesis, structure and physical properties of the highly anisotropic LnNiSb3 (Ln = Ce – Nd, 
Sm) compounds.5,6  We first discovered CeNiSb35 while studying CeNiSb2, and began to 
further investigate the LnTSb3 system after the discovery of itinerant electron ferromagnetism 
in LaCrSb3.7,8  In our study of the structural stability of CeNiSb3, we have discovered CePdSb3.   
 To the best of our knowledge, only seven ternary compounds in the Ce – Pd – Sb 
system have been investigated: CePdSb,9 CePd2Sb2,10 CePdSb3,11 CePdSb2,12 Ce3Pd6Sb5,13 
Ce8Pd24Sb,14 and Ce2Pd9Sb3.15  Several of these Ce – Pd – Sb phases demonstrate heavy 
electron mass behavior.  At low temperatures, coupling between conduction electrons and f-
electrons can result in an enhanced linear-in-temperature contribution to specific heat.  Heavy 
fermions are typically Ce-, Yb- or U-containing metallic materials, whose conduction electrons 
have large effective masses, typically hundreds of times that of a free electron with contribution 
to the Sommerfeld coefficient of specific heat, gamma (γ), typically >400 mJ mol-1 K-2.16  
CePdSb has been shown to simultaneously exhibit ferromagnetism and Kondo-lattice 
behavior17,18 while no physical property data has yet been reported for CePd2Sb2.13  CePdSb2 
possesses a relatively large enhanced mass with ~100 mJ mol-1 K-2,19 and likewise, Ce8Pd24Sb, 
has a γ of ~400 mJ mol-1 K-2.20  Ce3Pd6Sb5, on the other hand is a simple antiferromagnet below 
TN = 6 K.13  No ordering down to 4.2 K has been observed for Ce2Pd9Sb3, whose magnetic 
                                                 
1 Portions of this chapter reprinted with permission by the International Union of Crystallography: Thomas, E.L.; 
Gautreaux, D.P.; Chan, J.Y. “The layered intermetallic compound LaPdSb3”, Acta Cryst. 2006, E62, I96-I98. 
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susceptibility and resistivity do not show significant interaction between conduction electrons 
and Ce moments.15  CePdSb3, of the CaBe2Ge2 structure type,21 also shows no evidence of 
magnetic ordering and has a γ ~250 mJ mol-1 K-2.11   
Our CePdSb3 compound crystallizes with a different structure type than the previously 
reported tetragonal CePdSb3 phase.11  The layered, orthorhombic structure of CePdSb3 of the 
present study is very closely related, and may be considered a stacking variant to the CeCrSb322 
and CeNiSb35 structure types.   
Recently, Thamizhavel et al. reported the magnetic, transport and heat capacity data 
measured on single crystals of CePdSb3.23  The highly anisotropic CePdSb3 shows Kondo-
lattice behavior and orders antiferromagnetically below 3.1 K.23  The atomic positions were 
reported and it was assumed that this phase is isotypic with CeNiSb35 however with different 
Wyckoff positions.  These data are different from the previously reported data from 
measurements of polycrystalline samples.11  Here we report the synthesis and full structure 
determination of CePdSb3 and its La-analogue (hence no 4f electron present in system) with 
structural comparisons to CeCrSb3 and CeNiSb3. 
4.2 Experimental 
4.2.1 Synthesis 
Single crystals of LaPdSb3 and CePdSb3 were synthesized by combining ingots of La or 
Ce (99.9% purity, Alfa Aesar), Pd powder (99.999% purity, Alfa Aesar), and Sb shot 
(99.9999% purity, Alfa Aesar), into alumina crucibles in a 1:1:20 (Ln:Pd:Sb) molar ratio.  Each 
crucible was sealed into an evacuated 10 cm fused-silica tube.  The samples were heated to 
1423 K for 10 hrs, then cooled at 5 K hr-1 to 943 K, at which temperature they were removed 
from the furnace.  Upon removal of the samples, the excess Sb flux was removed by 
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centrifugation.  After cooling to room temperature, the shiny, plate-shaped crystals with 
dimensions up to 1 x 2 x 2 mm3, were mechanically extracted.  The LnPdSb3 (Ln = La, Ce) 
compounds show little if any surface degradation as a result of exposure to air and moisture for 
extended periods. 
 Sample homogeneity was determined from multiple lattice determinations of single 
crystals as well as by powder X-ray diffraction (PXRD).  The PXRD pattern of ground crystals 
from the product revealed the presence of a small amount of a secondary phase, CeSb2.  This 
malleable impurity however can be visually identified and extracted manually from the 
product.  Single crystals were also characterized by Energy Dispersive Spectroscopy (EDS) 
using a Hitachi S-3600N Variable Pressure Scanning Electron Microscope (VP-SEM) with 
integrated EDS capabilities.  Data were acquired using an accelerating voltage of 20 kV and 50 
s acquisition times.  The EDS results obtained are comparable to those from single crystal X-
ray diffraction experiments. 
4.2.2 Single Crystal X-ray Diffraction 
A plate-shaped crystal of CePdSb3 with dimensions of approximately 0.080 x 0.050 x 
0.050 mm3 was mounted onto the glass fiber of a goniometer and placed on a Nonius Kappa 
CCD X-ray Diffractometer with graphite monochromatized Mo Kα (λ = 0.71073 Å) radiation at 
298 K.  Crystallographic data collection parameters are provided in Table 4.1.  The lattice 
parameters were determined from images taken from a scan in 15˚ φ.  The orthorhombic Laue 
symmetry mmm was observed and the space groups Pb21a (No. 29), Pbaa (No. 54) and Pbcm 
(No. 57) were given as possible choices for refinement.  The centrosymmetric space group 
Pbcm was selected and the structure was solved and refined with the SIR97 program24 and the 
SHELXL97 package,25 respectively.  An extinction coefficient was calculated after completing
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Table 4.1.  Crystallographic Data for LaPdSb3 and CePdSb3 
 
formula LaPdSb3  CePdSb3 
space group Pbcm  Pbcm 
a (Å) 12.9210(4)  12.7880(3) 
b (Å) 6.3450(9)  6.3240(6) 
c (Å) 12.5030(9)  12.4520(6) 
V (Å3) 1025.04(17)  1007.01(11) 
Z 8  8 
crystal dimensions (mm3) 0.080 x 0.100 x 0.100 0.080 x 0.080 x 0.100 
temperature (K) 298(2)  298(2) 
crystal density (g/cm3) 7.913  8.070 
θ range (˚) 3.15 – 30.0  3.19 – 30.02 
μ (mm-1) 27.091  28.059 
collected reflections 2790  2673 
unique reflections 1557  1528  
Rint 0.0625  0.0374 
h -18 ? 18  -17 ? 18 
k -8 ? 8  -8 ? 8 
l -17 ? 17  -17 ? 17 
extinction coefficient 0.00011(4)  0.00079(5) 
data/parameters/restraints 1557/53/0  1528/53/0 
goodness of fit on F2 1.027  0.961 
)](2[ 22 oo FFR σ> a 0.0443  0.0352 
)( 2oFR w b 0.0885  0.0626 
Δρmax (e Å-3)/ Δρmin (e Å-3) 3.425/-3.279  2.787/-2.509  
 
a ( ) ∑∑ −= OCO FFFFR  
b ( ) ( )[ ][ ( )[ ]] 2/1222222 ∑∑ − OCOow FwFFwFR : where ]4063.11)0401.0(/[1 2202 PPFw ++= σ  for LaPdSb3 and 
])0187.0(/[1 220
2 PFw += σ  for CePdSb3; and 3/)2( 220 cFFP += . 
 
 
several least-squares refinements of the atomic positions.  The data were corrected for 
absorption, and the atomic displacement parameters were refined as anisotropic.  As a check for 
partial occupancy within the structure, the atomic occupancy parameters were refined in 
separate sets of least-squares refinements.  No significant deviations from full occupancy were 
observed for the Ce (4c, 4d), Pd (8e) and Sb (4c, 4d, 8e) atoms, and therefore the ideal 
stoichiometry CePdSb3 may be assumed.  In a final least-squares cycle, a weighting scheme 
was calculated and applied to the refinements.  The )](2[ 22 oo FFR σ>  is 3.52 % with largest 
features in the Fourier map of 2.787 e Å-3 and -2.509 e Å-3.  Table 4.2 provides the atomic 
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coordinates with anisotropic displacement parameters, and Table 4.3 provides selected 
interatomic distances for LnPdSb3 (Ln = La, Ce) for comparison. 
 
Table 4.2.  Atomic Positions, Site Symmetry and Ueq Values for LaPdSb3 and CePdSb3 
 
Atom Wyckoff x y z Ueq(Å2)a 
 Site     
 
LaPdSb3 
      
La1 4c 0.69911(8) ¼ 0 0.0135(2) 
La2 4d 0.30822(8) 0.27462(17) ¾ 0.0142(3) 
Pd 8e 0.10190(7) 0.04697(17) 0.86579(8) 0.0180(3) 
Sb1 4c 0.97482(9) ¼ 0 0.0168(3) 
Sb2 4d 0.77702(9) 0.2635(2) ¾ 0.0155(3) 
Sb3 8e 0.50306(6) 0.51263(14) 0.87808(6) 0.0156(2) 
Sb4 4c 0.23291(9) ¼ 0 0.0150(3) 
Sb5 4d 0.93812(9) 0.9219(2) ¾ 0.0165(3) 
      
CePdSb3 
      
Ce1 4c 0.69820(5) ¼ 0 0.00921(16) 
Ce2 4d 0.30874(5) 0.27681(10) ¾ 0.00949(16) 
Pd 8e 0.10339(5) 0.04721(10) 0.86582(5) 0.01264(17) 
Sb1 4c 0.97386(6) ¼ 0 0.0125(2) 
Sb2 4d 0.77248(6) 0.26499(11) ¾ 0.01122(19) 
Sb3 8e 0.50342(4) 0.51417(8) 0.87747(4) 0.01120(15) 
Sb4 4c 0.23664(6) ¼ 0 0.01024(18) 
Sb5 4d 0.93715(5) 0.92230(12) ¾ 0.01130(19) 
 
aUeq is defined as one-third of the trace of the orthogonalized Uij tensor. 
 
 
Table 4.3.  Selected Interatomic Distances (Å) in LaPdSb3 and CePdSb3 
 
 LaPdSb3 CePdSb3 
Within Sb nets   
Sb3 – Sb3 3.0539(16) 3.0579(10) 
Sb3 – Sb3 ( x 2) 3.1735(4) 3.1632(3) 
Sb3 – Sb3 3.2028(16) 3.1746(10) 
 
Sb1 – Sb1 ( x 2) 3.2386(7) 3.2319(4) 
Sb2 – Sb5 3.0050(17) 3.0217(11) 
   
Ln1 – Sb2 ( x 2) 3.2849(5) 3.2561(3) 
Ln1 – Sb3 ( x 2) 3.3787(11) 3.3467(7) 
Ln1 – Sb3 ( x 2) 3.3938(11) 3.3649(7) 
Ln1 – Sb4 ( x 2) 3.2919(6) 3.2700(4) 
Ln1 – Sb1 3.5624(16) 3.5251(9) 
Ln1 – Pd  ( x 2) 3.6024(12) 3.5724(8) 
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Table 4.3 cont’d. 
Ln2 – Sb4 ( x 2) 3.2775(5) 3.2511(3) 
Ln2 – Sb2 3.2915(17) 3.2573(10) 
Ln2 – Sb5 3.3174(15) 3.2763(9) 
Ln2 – Sb3 ( x 2) 3.3441(12) 3.3122(7) 
Ln2 – Sb3 ( x 2) 3.3577(12) 3.3238(7) 
Ln2 – Pd  ( x 2) 3.3599(13) 3.3293(8) 
Ln2 – Sb2 3.4251(17) 3.3993(10) 
 
 
 
4.3 Results and Discussion 
4.3.1 Structure 
CePdSb3 adopts a new structure type and crystallizes in the orthorhombic space group, 
Pbcm (No. 57), with Z = 8 and lattice parameters a = 12.7880(3) Å, b = 6.3240(6) Å, c = 
12.4520(6) Å, and V = 1007.01(11) Å3.  The Ce1, Ce2, Pd, Sb1, Sb2, Sb3, Sb4 and Sb5 atoms 
occupy the 4c, 4d, 8e, 4c, 4d, 8e, 4c, and 4d sites, respectively.  The structure of CePdSb3 is 
shown in Figure 4.1.  This compound consists of layers of nearly square nets of Sb3 atoms 
( 2∞ [Sb]) and layers of slightly distorted face- and edge-sharing Pd-centered octahedra 
( 2∞ [PdSb2]).  Inserted between these layers are Ce atoms which adopt a square anti-prismatic 
and a mono-capped square anti-prismatic geometry. 
As shown in Figure 4.1, the nearly square 2∞ [Sb] nets are along the bc-plane and 
composed of Sb3 atoms which are separated equally along the b-direction but are irregularly 
spaced along the c-direction.  The Sb3—Sb3 distances for LaPdSb3 are 3.1735(4) Å in the b-
direction, and alternate between 3.0539(16) Å and 3.2028(16) Å in the c-direction.  For 
CePdSb3, the Sb3—Sb3 distances in the b-direction are 3.1632(3) Å, and 3.0529(10) Å and 
3.1746(10) Å in the c-direction.  These distances are similar to the Sb—Sb distances in the 
2
∞ [Sb] nets of CeNiSb3 [3.0616(3) – 3.1035(2) Å]
5 but shorter than those found in elemental Sb  
(3.355 Å).26  The 2∞ [Sb] nets in CeNiSb3
5 contain both Sb1 and Sb3 atoms, however, the
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Figure 4.1.   The crystal structure of CePdSb3 viewed down the b-axis with the unit cell shown 
as a solid blue line.  The large green spheres are Ce atoms, the small blue spheres 
are Pd atoms and the medium red spheres are Sb atoms.  The mono-capped square 
anti-prismatic and square anti-prismatic environments of the Ce1 and Ce2 atoms, 
respectively, are shown as dashed lines. 
 
uniform packing in the b-direction and the irregularity in the c-direction are still found.  In 
CeNiSb3, Sb3—Sb3 distances in the b-direction are 3.1035(2) Å, and the Sb3—Sb1 and Sb1—
Sb1 distances in the c-direction are 3.0616(3) Å and 3.0880(6) Å, respectively.5  The Sb3—
Sb3—Sb3 angles within the 2∞ [Sb] nets of CeTSb3 (T = Ni, Pd) are also distorted, at 86.96(3)° 
and 177.15(6)° for LaPdSb3, and 86.596(19)° and 176.260(19)° for CePdSb3, similar to what is 
observed in CeNiSb3,5 though slightly less distorted.  Sb—Sb—Sb angles in CeNiSb3 range 
from 84.95(1)˚ to 94.94(1)˚.5  The 2∞ [Sb] nets in the Pd and Ni analogues of LnTSb3 show more 
a
c
b
Ce1Ce2
Sb3 net
Sb2Sb4Sb2Sb4
Sb1Sb5
Pd
 79
distortions than those in CeCrSb3 (Sb3—Sb3 distances of 3.106 Å in the b-direction and 3.058 
Å in the c-direction with Sb—Sb—Sb angles of 90.00˚).22 
Figure 4.2 shows the local environment of Pd, which is coordinated to Sb1, Sb1', Sb2, 
Sb4, Sb5 and Sb5' atoms.  Unlike CeNiSb3, which contains two types of Ni-centered octahedra, 
 
 
Figure 4.2.  PdSb6 octahedron with labeling scheme.  Bond distances in Å.  
 
CePdSb3 contains only Pd(Sb1)2/2(Sb2)1/2(Sb4)1/2(Sb5)2/2 octahedra that are edge sharing in the 
b-direction whereas they are face-sharing with every other octahedron sharing edges in the c-
direction.  The Pd—Sb distances of 2.6781(13) – 2.8725(15) Å for LaPdSb3 and 2.6796(8) – 
2.8241(9) Å for CePdSb3 are comparable to those found in the binary compound PdSb (NiAs-
type) of 2.737 Å, in which Pd adopts an octahedral coordination.27  The Pd-centered octahedra 
in LaPdSb3 and CePdSb3 are highly distorted with Sb—Pd—Sb angles as acute as 73.87(3)° 
and 73.819(17)°, respectively while the Sb—T—Sb angles in CeNiSb3 and CeCrSb3 may be as 
acute as 74.828°5 and 80.551°,28 respectively.  The distortions found within the 2∞ [PdSb2] 
Sb1
Sb1′
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Sb5
Sb5′
Sb2
Pd
a
bc
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77(
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octahedra are similar for both La and Ce, i.e., the Pd—Sb distances and Sb—Pd—Sb angles are 
nearly equal.  Some metal-metal interactions are also observed within these 2∞ [PdSb2] layers 
between the face-sharing octahedra along the c-direction.  The Pd—Pd distances are 2.895(2) Å 
in LaPdSb3 and 2.8844(13) Å in CePdSb3, slightly longer, but comparable to distances of 2.751 
Å in Pd metal.26  In CeNiSb3, the short Ni2—Ni2 distances of 2.7214(12) Å are believed to 
contribute to the distortions found within the 2∞ [NiSb2] layer.
5    
 The Ln atoms, which are located both above and below the Sb square nets in a 
checkered fashion, occupy two inequivalent crystallographic sites (4c and 4d).  Using a cutoff 
of 3.5 Å for the Ln—Sb interactions, the Ln1 atoms adopt an 8-coordinate square anti-prismatic 
geometry comprised of 4 Sb3 atoms as the base, and 2 Sb2 and 2 Sb4 atoms from the 2∞ [PdSb2] 
layer forming a second, larger square staggered in a D4d-like fashion.  This square anti-
prismatic geometry is similar to that of the Ln atoms found in some LnTSb2 compounds.28-32  
Conversely, the Ln2 atoms in CePdSb3 adopt a 9-coordinate mono-capped square anti-prismatic 
geometry (formed from 4 Sb3 atoms as the basal square; 2 Sb2 and 2 Sb4 atoms from the 
2
∞ [PdSb2] layer as the opposing square twisted 45° relative to the base; and one Sb5 atom from 
the 2∞ [PdSb2] layer as the capping atom) is adopted.  This geometry is similar to the Ln 
environments in LnSb2,33 LnIn1-xSb2,34 CeCrSb322 and CeNiSb3.5  The two different 
coordinations for the Ln atoms are shown as dashed lines in Figure 1.  The Ln1—Sb and Ln2—
Sb distances of 3.2561(3) Å – 3.3649(7) Å and 3.2511(3) Å – 3.3993(10) Å, respectively, for 
CePdSb3 are similar to the Ce—Sb distances observed in CeCrSb3 (3.259(1) Å – 3.334(1) Å) 22 
and in CeNiSb3 [3.2225(3) Å – 3.4509(4) Å].5  For comparison, the Ce—Sb distances in the 
simple binary CeSb are 3.212 Å.33  The Sb1 capping atom to Ce1 in CePdSb3, is located 
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3.5251(9) Å away, too far for strong bonding/interactions to be considered between Ce1 and 
Sb1.  
CePdSb3 adopts the two polymorphic forms, CaBe2Ge2-type21 and CePdSb3-type, which 
may be considered the low temperature and high temperature forms, respectively.  The 
tetragonal CaBe2Ge2-type was synthesized by arc-melting and characterized by powder X-ray 
diffraction,11 while the CePdSb3-type presented here has been grown by a flux-growth method.  
Polymorphism in this case is probably a result of synthetic method and has also been observed 
in other intermetallic phases with similar compositions such as CeNiGa3,11,35 which adopts both 
the ThCr2Si2-36 and CePtGa3-type37 structures. 
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CHAPTER 5.   DISCOVERY OF β-CeNiSb3: CRYSTAL GROWTH, STRUCTURE, 
MAGNETIC AND TRANSPORT BEHAVIOR 
 
5.1 Introduction 
Rare earth intermetallics – particularly those consisting of a lanthanide (Ln), transition 
metal (T) and antimony – display interesting physical property behavior and also very unique 
bonding within their structures.1-3  The layered LnTSb3 family, where T = V, Cr, Ni, Pd, is 
studied because of the influence of the transition metals on both the anisotropic magnetic 
behavior and the crystal-chemistry of these compounds.  LaCrSb3 (a = 13.276(2), b = 6.209(1), 
c = 6.114(1) Å, Z = 4) orders ferromagnetically (TC ~ 125 – 146 K)4-7 as a result of the ordering 
of the Cr ions.  More recent susceptibility data for single crystals of LaCrSb3 show a 
coexistence of the ferromagnetic (FM) and antiferromagnetic (AFM) states below TC ~ 132 K.8-
11  Susceptibility data for the Ce, Pr, Nd and Sm analogues also show two magnetic transitions 
(FM at T ~ 100 – 120 K and AFM at T < 30 K).4-6,12,13  The Gd analogue shows a ferrimagnetic 
transition at TC ~ 90 K,14,15 while the Tb and Dy analogues display only AFM ordering at 
temperatures below 17 K.5  It is has been suggested that lanthanide contraction leads to the shift 
from FM to AFM ordering, which is favorable for rare-earth atoms.5  However, YbCrSb3 
(Yb2+) is reported to have the highest ordering temperature of any member of this series with 
TC ~ 280 K.16   
Substitution of Cr with Ni has led to the discovery of CeNiSb3 (a = 12.6340(7), b = 
6.2037(3), c = 18.3698(9) Å, Z = 12) which displays Kondo lattice behavior and FM ordering 
below TC = 6 K.17,18  The CeNiSb3 structure type is known to exist only when Ln = Pr, Nd and 
Sm.19  Each of these metallic, highly anisotropic compounds order antiferromagnetically below 
5 K.19  Incidentally, further substitution of the transition metal with Pd has led to another 
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structure, with a = 12.9210(4), b = 6.3450(9), c = 12.5030(9) Å, and Z = 8.20,21  Similar to 
CeNiSb3, CePdSb3 also exhibits Kondo lattice behavior, however antiferromagnetism appears 
below TN ~ 3 K.20 
In our search for strongly correlated electronic systems,22 we typically employ a 
metal(lic) flux-growth method as a synthetic route to obtaining single crystals of these 
materials.  This technique has facilitated the characterization and study of several novel 
intermetallic phases.  Our crystal growth experiments of CeTSb3 (T = Ni, Pd), show that sample 
preparative conditions can influence the structural arrangements and thus the physical 
properties of these compounds.  From the efforts to grow larger crystals of CeNiSb3 for 
magnetic and transport measurements by using Sn rather than Sb as flux, we have discovered a 
new polymorph of this phase.  The two polymorphs are similar with regards to their structures 
(containing Ce-capped 2∞ [Sb] nets, and 
2
∞ [NiSb2] octahedra with comparable distortions) and 
their physical properties (Kondo lattice behavior, large magnetic anisotropy and enhanced C/T 
at their magnetic transitions). 
Here, we describe the synthesis of the new form of CeNiSb3 (hereafter β-CeNiSb3), and 
compare the structures of the two polymorphs along with a relationship to the CeCrSb3-type 
structure.  Furthermore, magnetization, electrical resistivity, magnetoresistance and specific 
heat data are also presented and compared. 
5.2 Experimental 
5.2.1 Synthesis 
Single crystals of β-CeNiSb3 were grown via a flux-growth method using excess Sn.  
Ce ingot (99.9%), Ni powder (99.999%), Sb shot (99.999%) and Sn shot (99.8%) were 
purchased from Alfa Aesar and weighed, then combined into a 5 mL alumina crucible in a 
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1:1:3:20 (Ce:Ni:Sb:Sn) molar ratio.  (Tin was chosen as a flux because of its lower melting 
point compared to that of Sb, which would allow for a longer cooling window and the 
formation of larger single crystals.)  The crucible was then covered with quartz wool and sealed 
into an evacuated fused-silica tube.  The reaction vessel was heated to a temperature of 1423 K 
and held constant for 8 h, then cooled at a rate of 5 K h-1 to 523 K (just above the melting point 
of Sn metal).  After reaching 523 K, the excess Sn was separated from the single crystals by 
centrifugation.  Thin and brittle, shiny, black, sheet-like crystals with dimensions up to 0.10 x 3 
x 5 mm3 were mechanically extracted from the product.  Crystals with topical flux were etched 
in concentrated HCl for several minutes.  There were no signs of surface oxidation when the 
crystals were exposed to air and moisture over a period of weeks. 
Single crystals from the β-CeNiSb3 sample were ground into a fine powder, placed on a 
no-background holder, and screened for homogeneity and possible impurity phases using 
powder X-ray diffraction on a Bruker D-8 X-ray Diffractometer with monochromatized Cu Kα 
radiation, λ = 1.540562 Å.  Sample homogeneity was also confirmed by conducting lattice 
determinations on several crystals using single crystal X-ray diffraction.  The experimental 
powder pattern was compared to the calculated powder pattern generated from the refined 
structure of β–CeNiSb3. 
5.2.2 Single Crystal X-ray Diffraction 
A mechanically fragmented, block-shaped crystal of β-CeNiSb3 with dimensions of ~ 
0.080 x 0.080 x 0.10 mm3 was mounted onto the tip of the glass fiber of a goniometer with 
epoxy, and placed on a Nonius Kappa CCD X-ray diffractometer (Mo Kα radiation, λ = 0.71073 
Å). Room temperature data collection parameters and other crystallographic data are listed in 
Table 5.1.  The orthorhombic Laue symmetry mmm and systematic absences found led to the
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Table 5.1.  Crystallographic data for β-LnNiSb3 (Ln = La, Ce) 
 
formula      LaNiSb3    CeNiSb3 
formula units (amu)    562.87    564.08 
space group     Pbcm    Pbcm   
a (Å)      13.0970(2)   12.9170(2) 
b (Å)      6.1400(4)   6.1210(5) 
c (Å)      12.1270(4)   12.0930(6) 
V (Å3)      975.20(7)   956.13(9) 
dimensions min/mid/max (mm3)   0.050/0.050/0.10   0.080/0.080/0.10 
Z      8    8 
temperature (K)     298(2)    298(2) 
calculate density (g cm-3)    7.668    7.837 
θ range (°)     1.55 – 30.03   3.15 – 29.99 
μ (mm-1)      28.573    29.728 
collected reflections    2677    2601   
independent reflections    1491    1445 
Rint      0.0396    0.0181 
h      -18 ≤ h ≤ 18   -17 ≤ h ≤ 18 
k      -8 ≤ k ≤ 8   -8 ≤ k ≤ 8 
l      -16 ≤ l ≤ 16   -16 ≤ l ≤ 16 
data/parameters/restraints    1491/53/0   1445/53/0 
goodness of fit on 2oF     1.110    1.118 
Δρmax (e Å-3)     7.528    5.514 
Δρmin (e Å-3)     -5.625    -1.705   
extinction coefficient    0.0056(5)   0.00030(7) 
( )FR1 for 2oF > ( )aoF 22σ     0.0627    0.0282 
)( 2ow FR b     0.1779    0.0716 
 
a ( ) ∑∑ −= OCO FFFFR  
b ( ) ( )[ ][ ( )[ ]] 2/1222222 ∑∑ − OCOow FwFFwFR ; ]2064.1)1403.0()(/[1 222 PPFw o ++= σ  and  
]8728.12)0140.0()(/[1 222 PPFw o ++= σ  where 3/)2( 22 co FFP +=  for Ln = La, Ce, respectively. 
 
selection of space group Pbcm (No. 57), transformed from the non-standard setting Pbma.  The 
initial structural model was generated using SIR9723 then refined using the SHELXL97 
package.24  Refinement of the atomic positions led to a further correction of the data by the 
calculation of an extinction coefficient and also by the anisotropic refinement of the 
displacement parameters.  As a check for deviations from the ideal stoichiometry, the atomic 
occupancy parameters were refined in separate sets of least-squares cycles.  Since no 
considerable deviations were observed, each atomic site in β-CeNiSb3 may be considered fully 
occupied.  [Partial occupancies were observed on the T (4c) and Sb1 (4d) sites of CeTSb3 (T = 
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V, Cr).25]  In the final refinement procedure of β-CeNiSb3, a weighting scheme was calculated 
which gave R1 = 0.0282 and Rw = 0.0716.  The highest peak and deepest hole in the electron 
density map were 5.514 and -1.705 e Å-3, which are 0.91 and 0.65 Å, respectively, from Sb5.  
Atomic coordinates and anisotropic displacement parameters are given in Table 5.2 and 
selected interatomic distances are listed in Table 5.3. 
 
Table 5.2.   Atomic Positions, Wyckoff site symmetry and Ueq values for β-LnNiSb3 (Ln = La, 
Ce) 
 
   atom  Wyckoff site  x  y  z   Ueq (Å2)a 
 
 La1  4c  0.69985(7) ¼  0  0.0077(3) 
 La2  4d  0.30410(7) 0.26099(11) ¾  0.0077(3) 
 Ni1  8e  0.10248(10) 0.0302(2) 0.86359(9) 0.0105(4) 
 Sb1  4c  0.97547(8) ¼  0  0.0128(3) 
 Sb2  4d  0.78994(8) 0.25128(12) ¾  0.0080(3) 
 Sb3  8e  0.50131(5) 0.50751(9) 0.87603(4) 0.0087(3) 
 Sb4  4c  0.21479(8) ¼  0  0.0079(3) 
 Sb5  4d  0.94673(7) 0.88313(14) ¾  0.0121(3) 
 
 Ce1  4c  0.69921(4) ¼  0  0.00697(13) 
 Ce2  4d  0.30482(4) 0.26209(7) ¾  0.00675(13) 
 Ni1  8e  0.10429(6) 0.03016(13) 0.86352(6) 0.00943(18) 
 Sb1  4c  0.97482(5) ¼  0  0.01116(15) 
 Sb2  4d  0.78593(5) 0.25134(8) ¾  0.00747(15) 
 Sb3  8e  0.50154(3) 0.50804(6) 0.87596(3) 0.00812(13) 
 Sb4  4c  0.21859(5) ¼  0  0.00734(15) 
 Sb5  4d  0.94614(4) 0.88374(10) ¾  0.01086(15) 
 
     aUeq is defined as one-third of the trace of the orthogonalized Uij tensor. 
 
5.2.3 Physical Properties 
Magnetic measurements on single crystals were performed using a Quantum Design 
Magnetic Property Measurement System (MPMS) – Superconducting Quantum Interference 
Device (SQUID) magnetometer.  Zero-field-cooled (ZFC) temperature-dependent susceptibility 
data were measured with an applied field of 0.1 T from 1.8 K to 330 K, then field-cooled (FC) 
measurements were taken by cooling the sample from room temperature to 1.8 K. The field-
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Table 5.3.  Selected Interatomic Distances (Å) in β-CeNiSb3 
 
 Ce1-Sb1  3.5601(8) Ni1-Ni1  2.7456(15) 
 Ce1-Sb2 (x 2) 3.2241(3) Ni1-Sb1  2.5901(8) 
 Ce1-Sb3 (x 2) 3.3419(5) Ni1-Sb1  2.7076(9) 
 Ce1-Sb3 (x 2) 3.3562(5) Ni1-Sb2  2.6093(9) 
 Ce1-Sb4 (x 2) 3.2395(3) Ni1-Sb4  2.5913(8) 
  Ni1-Sb5  2.6193(9) 
 Ce2-Ni1  3.2572(9) Ni1-Sb5  2.6444(10) 
 
      Sb1-Sb1  3.1289(4) 
 Ce2-Sb2  3.2159(7) Sb1-Sb4  3.1488(9) 
 Ce2-Sb2  3.3388(7) Sb1-Sb5  3.2943(3) 
 Ce2-Sb3 (x 2) 3.3158(6) Sb2-Sb5  3.0571(8)  
 Ce2-Sb3 (x 2) 3.3232(6) Sb3-Sb3  3.0020(7)  
 Ce2-Sb4 (x 2) 3.2227(3) Sb3-Sb3  3.0464(7)  
Ce2-Sb5   3.3261(7) Sb3-Sb3  3.0607(6) 
 
 
dependent susceptibility was measured up to 7 T at 2 K.  The resistivity data was measured 
using a standard four-probe method down to 1.8 K with a Quantum Design Physical Property 
Measurement System (PPMS) at ambient pressure.  The specific heat was measured with a 
Quantum Design PPMS using a thermal relaxation method from 0.4 to 20 K in zero applied 
field.  The entropy data was calculated by integrating the specific heat divided by the 
temperature. 
5.3 Results and Discussion 
5.3.1 Structure 
The ternary antimonides CeTSb3 (T = V, Cr, Ni, Pd) all crystallize in the Pbcm space 
group in one of three structure types: CeCrSb3,25 CeNiSb317 or CePdSb3.20,21  The V- and Cr-
analogues are isostructural to CeCrSb3 [a = 13.108(3), b = 6.184(1), c = 6.079(1) Å],25 while 
the first reported Ni-analogue (hereafter α-CeNiSb3) has cell dimensions of a = 12.6340(7), b = 
6.2037(3), c = 18.3698(9) Å.17  The Pd-analogue20 and the new form of the Ni-analogue [a = 
12.9170(2), b = 6.1210(5), c = 12.0930(6) Å] presented here are isomorphous.  Each of these 
layered structures contain similar subunits, including two-dimensional square, or nearly square 
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Sb nets ( 2∞ [Sb]) capped by Ce
3+ atoms, and TSb6 octahedra ( 2∞ [TSb2]) stacked along the a-
direction.   
 Figure 5.1 shows the ball and stick representation for β-CeNiSb3.  While both forms of 
CeNiSb3 contain two crystallographically inequivalent Ce atoms, in the β-form these atoms 
have different coordinations.  The Ce1 (4c) atoms are surrounded by 8 Sb atoms adopting a 
square anti-prismatic geometry where 4 Sb atoms of the Sb3 net form a square base, and 4 Sb 
atoms from the 2∞ [NiSb2] layer form a slightly larger square directly above but twisted 45º in 
relation to the first square.  On the other hand, the Ce2 (4d) atoms are surrounded by 9 Sb 
atoms and adopt a mono-capped square anti-prismatic geometry similar to the geometry of Ce1, 
but with an additional Sb5 atom capping the larger second square.  It should be noted that there 
is also an Sb1 atom in the capping position of Ce1 at a distance of 3.5601(8) Å, however we 
consider this distance too far for strong bonding.  In α-CeNiSb3, both Ce atoms have identical 
geometries with Ce1 (4d) being bonded to 4 Sb1, 2 Sb2, 2 Sb4 and 1 Sb6 atoms, and Ce2 (8e) 
being bonded to 2 Sb1, 1 Sb2, 2 Sb3, 3 Sb4 and 1 Sb5 atoms.17  The Ce atoms in both forms are 
staggered above and below the 2∞ [Sb] nets.  In β-CeNiSb3, the Ce1—Sb distances of 3.2241(3) 
– 3.3562(8) Å and the Ce2—Sb distances of 3.2159(7) – 3.3388(7) Å are comparable to the 
Ce1—Sb distances of 3.2225(3) – 3.3112(6) Å and Ce2—Sb distances of 3.2260(3) – 
3.4509(4) Å in α-CeNiSb3.17 
 As shown in Figure 5.2, the 2∞ [NiSb2] octahedra of β-CeNiSb3 connect in a different 
manner than the octahedra found within α-CeNiSb3.  These 2∞ [NiSb2] octahedra are edge-
sharing in b and both edge- and face-sharing in c in both phases.  The Ni—Sb bond distances in 
β-CeNiSb3 range from 2.5901(8) to 2.7076(9) Å, which on average are slightly longer, but
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Figure 5.1.   The crystal structure of β-CeNiSb3 viewed along the ac-plane with the unit cell 
outlined.  The shaded circles are Ce atoms, the solid circles are Ni atoms, and the 
open circles are Sb atoms.  The bonding environments of Ce1 and Ce2 are shown 
as dashed lines.  Ce2 adopts a mono-capped square anti-prismatic environment, 
while Ce1 adopts a square anti-prismatic environment. 
 
 
comparable to the Ni—Sb distances in α-CeNiSb3, which range from 2.5498(7) to 2.6708(7) 
Å,17 and also to the Ni—Sb distances of 2.5675 Å in the NiSb6 octahedra in NiSb (NiAs-
type).26  Angles between the Ni and Sb atoms in both forms diverge considerably from the ideal 
90°.  Furthermore, the Ni metal-metal interactions are present in both forms and occur at the 
adjourning octahedral faces with Ni—Ni distances of 2.7456(15) Å in the β-form and Ni2—
Ni2 distances of 2.7214(12) Å in the α-form.17 
Ce1Ce2
Sb3 net
Sb2
Sb4Sb2
Sb4
Sb1Sb5
a
c
b
Ni
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Figure 5.2.  Projection of the 2∞ [NiSb2] polyhedra along the bc-plane of both CeNiSb3 forms. 
 
The major distinction with CeCrSb3, α-CeNiSb3 and β-CeNiSb3 lies in the connectivity, 
or packing of the TSb6 octahedra along c.  Figure 5.3a-c shows the polyhedral representations 
and relationship of these structures.  It becomes obvious in this series of compounds that the 
structure type adopted is a function of the transition metal.  The NiSb6 octahedra in β-CeNiSb3 
(Figure 5.3b) are edge-sharing in the b-direction and both edge- and face-sharing in the c-
direction, resulting in an approximate doubling of the c-parameter [c = 12.0930(6) Å] when 
compared to that of CeCrSb3 (Figure 5.3a).  The 2∞ [NiSb2] octahedra in α-CeNiSb3 
(Figure5.3c) are edge-sharing in b and edge- and face-sharing in c, however with two different 
types of edge-sharing octahedra in c.17  This gives rise to an approximate tripling of its c-
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parameter [c = 18.3698(9) Å] in comparison to CeCrSb3.  For reference, the 2∞ [CrSb2] 
octahedra are edge-sharing along b and only face-sharing along c.25  Furthermore, we find that 
the 2∞ [NiSb2] octahedra in β-CeNiSb3 are less distorted than the 2∞ [NiSb2] octahedra of α-
CeNiSb3, but more distorted than the 2∞ [CrSb2] octahedra of CeCrSb3. 
The infinite, nearly square 2∞ [Sb] nets of both CeNiSb3 forms are shown in Figure 5.4.  
In the β-form, Sb3 (8e) atoms form these nets, while both Sb1 (8e) and Sb3 (4c) atoms bond to 
form the square nets in the α-form.  Sb—Sb distances in the β-form range from 3.0020(7) – 
3.0608(3) Å, shorter when compared to the Sb—Sb distances of 3.0616(3) – 3.1035(2) Å in the 
α-form.17  These distances are similar to the Sb—Sb distances of 2.908 – 3.355 Å in elemental 
antimony.27  Yet still, the Sb—Sb bonds within the 2∞ [Sb] nets in the α-form are more uniform.  
We note that the buckling of these nets in the α-form is more pronounced than in the β-form as 
shown in Figure 5.4, with Sb-Sb-Sb angles in the α-form ranging from 84.95(1)° to 94.94(1)°17 
compared to angles of 88.113(14)° to 91.868(14)° in the β-form. 
5.3.2 Structural Stability 
To determine the structural stability of β-CeNiSb3, we performed several syntheses.  β-
CeNiSb3 can only be obtained in high yield when samples are slowly cooled to just above the 
melting point of Sn (~ 505 K).  From the reactions of Ce, Ni and Sb in excess Sn, the yields of 
β-CeNiSb3 are typically low, with the major impurity phase Ni3Sn4, and lesser amounts of Sn 
metal.  We note that via an Sb flux-growth method, α-CeNiSb3 is obtained when samples are 
removed from the furnace above the melting point of Sb (~ 943 K) to avoid Sb deposition on 
the crystal surfaces.  Furthermore, use of the arc-melting technique followed by subsequent 
annealing using Ce, Ni and Sb also led to homogeneous α-CeNiSb3.  
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Figure 5.3.   Polyhedral representations of the structures of (a) CeCrSb3 (b) β-CeNiSb3 and (c) α-CeNiSb3 viewed in the ac-plane with 
atomic labeling scheme is shown below. 
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Figure 5.4.  2∞ [Sb] square nets in β-CeNiSb3  (top) and α-CeNiSb3
17 (bottom) with bond distances in Å. 
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Experiments to transform α-CeNiSb3 into β-CeNiSb3 were also conducted.  Single 
crystals (82.6 mg) of α-CeNiSb3 were combined with 350 mg (or a 20-fold excess) of Sn shot 
and placed in an alumina crucible and covered with quartz wool.  This sample was sealed under 
vacuum in a fused-silica tube and heated to 1423 K where it remained for 24 h, then cooled at 5 
K h-1 to 573 K.  Upon reaching 573 K, the molten Sn was removed by centrifugation.  
Although the reaction was heated for only 24 h and cooled for ~ 7 days, a noticeable amount of 
the α-form was converted into the β-form as confirmed by subsequent X-ray diffraction data 
collections.  Other phases present in the powder diffraction patterns from the above reaction 
were exclusively unconverted α-CeNiSb3 and Sn.  These experiments suggest that β-CeNiSb3 
is a metastable phase in which there is no Sn present within the structure, and that α-CeNiSb3 
may be dissolved by Sn, which plays an important role in the reduction of the activation energy 
barrier necessary to convert the α-from to the β-form. 
While we can stabilize the beta polymorph when samples are removed from the furnace 
at 523 – 573 K, we note that the beta polymorph can also be stabilized at higher temperatures 
such as when samples are spun at 943 and 723 K.  However, the yield is typically low when 
samples are removed at higher temperatures, compared to when samples are removed at 573 
K.  This suggests that the stability of β-LnNiSb3 (Ln = La, Ce) is kinetically- rather than 
thermodynamically-driven.  In addition, we have attempted several syntheses using other flux 
metals such as In (430 K) and Bi (m.p. = 544 K).  However, β-LnNiSb3 (Ln = La, Ce) can only 
be synthesized using Sn flux under our growth conditions. 
5.3.3 Physical Properties 
β-CeNiSb3 single crystals have a rectangular thin plate-like morphology with the out-
of-the-plate axis as the crystalline a-axis.  In the plane however, we have not distinguished the
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b- and c-axes.  From a comparison of the magnetic property data with those of the α-phase, we 
assume the ferromagnetic easy axis is the c-axis.  The temperature-dependent magnetic 
susceptibility [χ(T)] in an applied field of 0.1 T between 1.8 and 30 K for a single, plate-shaped 
crystal of β-CeNiSb3 (1.99 mg) is shown in Figure 5.5.  A spontaneous magnetic moment 
develops below 6 K with the applied magnetic field along c-axis, similar to what is observed in 
the χ(T) of the α-form.28   A weaker ferromagnetic (FM) feature appears along the a- and b-
axes.  Differences (anisotropy) between the ZFC and FC measurements along the 
crystallographic a- and b-axes may be due to the FM character of the spins along these 
directions as well as along the c-axis.  The most distinct difference in the susceptibility data of 
α-CeNiSb3 and β-CeNiSb3 occurs when H ║b.  In the β-form, there is a FM character of the b- 
axis, whereas in α-phase the susceptibility shows antiferromagnetic (AFM) behavior along this
direction.28  The inverse susceptibility (χ-1) for β-CeNiSb3 is shown in the inset of Figure 5.5.  
The χ along each direction obeys Curie-Weiss law [χ = C/(T-θ)] at high temperatures (above 
100 K) with effective moments of 1.80, 2.54 and 2.38 μB and Weiss temperatures (θ) of 22.8, 
8.4 and 1.4 K when oriented along the a, b and c-axes, respectively, with average μeff of 2.26 
μB, slightly less than the calculated 2.54 μB for the Ce3+ free ion.  The effective moments 
obtained from fits to the χ-1 data for the α-phase are 2.93, 2.39, and 2.37 μB, with θ values of -
156, -2.3, and 29 K with the applied magnetic fields along the crystalline a-, b- and c-axes, 
respectively.28  An average 2.58 μB/Ce is obtained, which is closer to the expected value for 
Ce3+.28  In the β-phase, the large positive θ value along the a-axis may be attributed to the 
strong interactions between atoms surrounding Ce in the crystal lattice in addition to the 
magnetic fluctuation of the f-moments.  Yet, contrasting to the α-phase, where the θ values are 
negative along the a- and b-axes, and positive along the c-axis, the Weiss temperatures are
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Figure 5.5.   Anisotropic data from ZFC (closed markers) and FC (open markers) 
measurements of the temperature-dependence (T) of the magnetic susceptibility 
(χ) for a single crystal of β-CeNiSb3 (H = 0.1 T).  Inset: ZFC inverse magnetic 
susceptibility data.  Lines are drawn to guide the eye. 
 
positive in the β-phase, which suggests the existence of FM components along all three 
directions, and is consistent with the FM susceptibility at low temperatures along the b-axis.   
The magnetization as a function of field, M(H), for β-CeNiSb3 at 2 K is shown in Figure 
5.6.  The magnetization saturates quickly along the c-axis with a saturation moment of ~ 1.2 
μB/Ce, indicating this axis as an easy axis.  Along the b-axis, saturation begins to appear above 
1 T and reaches a saturation moment of ~ 1.6 μB/Ce, while along the c-axis, a saturation 
moment of ~ 0.35 μB/Ce is reached above ~ 5 T.  The magnetic moments obtained along each 
direction are slightly smaller than the theoretical saturation moment (μsat = gJ) of 2.14 μB/Ce. 
The saturation moments of α-CeNiSb3 are 0.5, 1.04, and 1.55 (easy axis) μB/Ce along the a-, b- 
and c-axes, respectively.28  Interestingly, the magnitude of the saturation moments along the b- 
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Figure 5.6.   Field-dependence of the magnetization, M(H), at 2 K for a single crystal of β-
CeNiSb3. 
 
and c-axes in the β-phase differs from the α-phase.  While the largest moment is along the easy 
c-axis in the α-phase, the largest moment appears along the b-axis instead of the FM easy c-
axis in the β-phase.  α-CeNiSb3 has a FM spin spiral structure with strong FM behavior along 
the c-axis, weak FM behavior along the a-axis, and AFM behavior along the b-axis.28  In β-
CeNiSb3 however, all three axes show FM behavior, implying that the FM spins do not remain 
in the ac-plane, but has a FM component along the b-axis as well.  It is worthwhile to note that 
the Sb nets in the bc-plane (as shown in Figure 5.4) are more distorted in the α-phase.  It is not 
clear whether the spiral type spin arrangement is present in β-CeNiSb3.  The different 
geometries of the Ce1 and Ce2 atoms in the β-phase may cause two different types of spin 
alignments along the Ce1-Ce2 nets which may cause a more complicated magnetic structure 
and affect the magnitude of the saturation moment.  This could also be responsible for the FM
0.0
0.5
1.0
1.5
2.0
0 1 2 3 4 5 6 7
M
 (μ
B/
C
e)
H (T)
H║b
H║c
H║a
β-CeNiSb3
 100
behavior observed along the b-axis. 
Specific heat (C/T) data for α-CeNiSb3 and β-CeNiSb3 are shown in Figure 5.7.  A 
single peak is observed at T ~ 6 K for both compounds.  This transition is very sharp for the α-
phase and broader for the β-phase, which corresponds to the transition to FM ordering at the 
same temperature in the susceptibility data and also to the drops in the electrical resistivity data. 
The broad peak in the β-phase could be related to the sample quality.  However, if this behavior 
 
 
Figure 5.7.   Specific heat and entropy (inset) in zero field for α-CeNiSb317 (triangles) and β-
CeNiSb3 (circles). 
 
 
is intrinsic, a different spin wave of the f-moment from the α-phase may be responsible.  The γ 
value estimated from the fitting to C/T= γ + βT2 is ~ 60 mJ/mol-K2, showing a moderate Kondo 
effect similar to α-CeNiSb3.18  The entropy at the transition temperature is ~ 4100 mJ/mol Ce-
K, which is around 70% of R ln 2, where R (~ 8314 mJ/mol-K) is a gas constant.  Assuming the 
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ground state before the FM transition has a doubly degenerate spin-state, R ln 2 of entropy is 
expected at the transition temperature if there is no Kondo effect.  The reduced entropy at TC 
here, therefore suggests the existence of the Kondo effect, similar to α-CeNiSb3.18 
The temperature-dependence of the electrical resistivity, ρ(T), for single crystals of α- 
and β-LnNiSb3 (Ln = La, Ce) measured along the b-axis is shown in Figure 5.8.  The transport 
 
 
Figure 5.8.   Temperature-dependence of the electrical resistivity, ρ(T), measured along the bc-
plane for single crystals of the La- and Ce-analogues of both CeNiSb3 forms. 
 
data for α-CeNiSb3 has been reported previously.17  Metallic, Kondo lattice behavior is 
observed in β-CeNiSb3, while the La-analogues of both phases show simple metallic behavior.  
A broad shoulder appears at high temperatures for α, β-CeNiSb3, and suddenly drops at 6 K 
which coincides with the transition to FM order in the χ data.  The broad peak feature around 
100 K in the ρ(T) of the α-phase is shifted to ~ 70 K in the β-phase, and may be attributed to 
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the change in the crystalline electric field of neighboring atoms to Ce in the crystal lattice.  
Upon subtracting the ρ(T) of the β-La-compound, a logarithmic temperature dependence of the 
resistivity at high temperatures is observed.  This is suggestive of a typical Kondo lattice with a 
FM ground state and a moderate Kondo effect similar to α-CeNiSb3. 
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CHAPTER 6.   CRYSTAL GROWTH, TRANSPORT AND MAGNETIC PROPERTIES 
OF Ln3Co4Sn13 (Ln = La, Ce) WITH A PEROVSKITE-LIKE STRUCTURE1 
 
6.1 Introduction 
Many ternary stannides, Ln – T – Sn (Ln = lanthanide; T = transition metal), exhibit 
notable physical properties such as Kondo lattice behavior, superconductivity, long range 
magnetic order, and also adopt interesting structures.1  These compounds display magnetic 
properties due to either the T or Ln substructure, or both.  La6Co13Sn is a ferromagnet with TC = 
190 K, due to the Co substructure, with a Co magnetic moment of 1.1 μB.2  LnCo3Sn (Ln = Y, 
Gd – Yb) possess ordering temperatures of 117 – 238 K, however the Co moments are lower 
than the expected values, a phenomenon which is attributed to the Co-clusters found within the 
structure.3  In the equiatomic LnRhSn group of compounds, LaRhSn becomes superconducting 
below 1.7 K.4  The Kondo system, CeRhSn, shows valence fluctuations,5 and YbRhSn is a 
heavy fermion with an electronic specific heat coefficient γ ~ 1200 mJ mol-1 K-2.6-10 Heavy 
fermions are materials that possess large enhanced electronic masses (γ ~ 100 times that of a 
free electron) as a result of the interactions between the conduction electrons and the local 
magnetic ions at low temperatures.11,12  Typically, the Ln atoms in ternary stannides are 
trivalent (with the exception of some Ce- and Yb-compounds), and the contribution of the 
transition metal to the magnetism is minimal.  The compositions and structures adopted by 
these compounds however, heavily influence their transport properties. 
In our search for new Ce-based intermetallics by exploring the La – Co – Sn and Ce – 
Co – Sn systems, we have synthesized Ln3Co4Sn13 (Ln = La, Ce) which are isostructural to the 
Yb3Rh4Sn13-type stannides first reported by Hodeau et al.13  The coexistence of magnetism and 
                                                 
1 Reprinted by permission of Elsevier: Thomas, E.L.; Lee, H.-O.; Bankston, A.N.; MaQuilon, S.; Klavins, P.; 
Moldovan, M.; Young, D.P.; Fisk, Z.; Chan, J.Y. “Crystal growth, transport, and magnetic properties of 
Ln3Co4Sn13 (Ln = La, Ce) with a perovskite-like structure”, J. Solid State Chem. 2003, 179, 1642-1649. 
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superconductivity (Tc ~ 8 K) has been observed in Yb3Rh4Sn13,13,14 while heavy fermion 
behavior with two phase transitions is observed in Ce3Ir4Sn13.15-17  Furthermore, the 
isostructural Ce3Pt4In13, is also a heavy fermion with γ ~ 1000 mJ mol-1 K-2.18 The crystal 
structure of the Ln3Co4Sn13 (Ln = La – Nd, Sm, Gd, Tb) compounds has been previously 
studied by powder X-ray diffraction methods.19  Herein we report the synthesis, structure 
characterization by single crystal X-ray diffraction, magnetization, electrical resistivity and 
specific heat of Ln3Co4Sn13 (Ln = La, Ce) and compare the structures and physical properties to 
the Rh- and Ir-analogues.15,20  
6.2 Experimental 
6.2.1 Synthesis 
Ln3Co4Sn13 (Ln = La, Ce) single crystals were grown using excess Sn.  Ingots of La or 
Ce (99.99 % purity, Materials Preparation Center, Ames Laboratory), Co powder (99.998 % 
purity, Alfa Aesar) and Sn shot (99.8 % purity, Alfa Aesar) were weighed and placed into 
alumina crucibles in a 1:1:20 (Ln:Co:Sn) ratio.  The samples, weighing nearly 3.25 g, were 
covered with quartz wool and encapsulated into evacuated, fused silica tubes.  They were 
heated to 1273 K for 5 h, then cooled to 1123 K at a rate of 75 K h-1, and finally cooled to 523 
K at a rate of 33 K h-1.  At this temperature, the ampoules were removed from the furnace and 
the excess Sn was removed by centrifugation.  The retrieved irregularly-shaped crystals, with 
dimensions between 1-2 mm3, were slightly air and moisture sensitive, as surface oxidation 
appeared following exposure to the atmosphere for extended periods.  The centrifugation 
process removed most of the flux contamination on the surfaces of the single crystals; however, 
where necessary, the remaining topical flux was etched using concentrated HCl.  Powder X-ray 
diffraction data were collected using a Bruker D-8 X-ray Diffractometer with 
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monochromatized Cu Kα radiation, λ = 1.540562 Å.  Phase identification of the Ln3Co4Sn13 (Ln 
= La, Ce) compounds was determined by comparing the powder patterns (not shown) taken 
from ground single crystals with that of Yb3Rh4Sn1313 and also with the calculated powder 
pattern from the refined crystal structure of Ce3Co4Sn13.  Multiple crystals from the products of 
both reactions were also characterized by single crystal X-ray diffraction as a check for 
homogeneity. 
6.2.2 Single Crystal X-ray Diffraction 
Suitable crystal fragments with dimensions of ~ 0.025 x 0.05 x 0.050 mm3 (La3Co4Sn13) 
and ~ 0.025 x 0.10 x 0.10 mm3 (Ce3Co4Sn13) were mechanically separated and glued to the tip 
of a glass fiber with epoxy.  Structural analysis was done using a Nonius Kappa CCD 
diffractometer equipped with graphite monochromated Mo Kα radiation (λ = 0.70173 Å) at 
room temperature and at 140 K (to check for a structural phase transition in the Ce-compound).  
Additional data collection parameters are presented in Table 6.1.  The structures were solved by 
direct methods and refined using the SHELXL97 package.21  The atomic data reported for 
Yb3Rh4Sn1313 were used to further refine the structural models.  Data were corrected for 
extinction and refined with anisotropic atomic displacement parameters.  To accurately 
determine the composition of our compounds, the occupancy parameters were refined in 
separate sets of least-squares cycles, since Yb3Rh4Sn13-type stannides may show defects at the 
origin of the unit cell (Sn1 on the 2a site) as observed in Ce3Rh4Sn13 and Ce3Ir4Sn13 20. Unlike 
the Rh- and Ir-analogues, the Sn1 sites in Ln3Co4Sn13 (Ln = La, Ce) are fully occupied.  The 
atomic positions and structural information for both compounds are detailed in Table 6.2.   
Table 6.3 lists selected interatomic distances.  Lattice parameters obtained from the room 
temperature data collections are a = 9.6430(6) Å and a = 9.6022(5) Å, for the La- and Ce-
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Table 6.1.  Structural Refinement Data for Ln3Co4Sn13 (Ln = La, Ce) 
 
formula La3Co4Sn13 Ce3Co4Sn13  Ce3Co4Sn13 
formula weight 2195.42 2199.05   2199.05 
space group nPm3  nPm3    nPm3  
a (Å) 9.6430(6) 9.6022(5)   9.5810(6) 
V (Å3) 896.68(10) 885.34(8)    879.49(10) 
Z 2 2    2 
crystal dimensions (mm3) 0.025 x 0.050 x 0.050 0.025x 0.10 x 0.10  0.025 x 0.10 x 0.10 
temperature (K) 298(2) 298(2)   140(2) 
calculated density (g/cm3) 8.131 8.250   8.304 
θ range (o) 2.99 – 29.99 3.00 – 29.95  3.01 – 30.03 
absorption coefficient (mm-1) 28.253 29.091   29.283 
collected reflections 767 770   761 
unique reflections 259 258   258 
Rint 0.0491 0.0474   0.0436 
h -13 < h < 13 -13 < h < 13  -13 < h < 13 
k -9 < k < 9 -9 < k < 9   -9 < k < 9 
l -8 < l < 9 -9 < l < 9   -9 < k < 9 
data/parameters/restraints 259/13/0 258/13/0   258/13/0 
goodness of fit on 2oF  1.135 1.131   1.149 
( )FR for 2oF > ( )aoF 22σ  0.0305 0.0561   0.0432 ( )bow FR 2  0.0560 0.1424   0.1060 
extinction coefficient  0.0053(7) 0.0038(9)   0.0043(6) 
∆ρmax (e Å-3)/ ∆ρmin (e Å-3) 1.658/-1.905 3.615/-2.506  2.765/-2.201 
 
 a ( ) ∑∑ −= OCO FFFFR  
  b ( ) ( )[ ][ ( )[ ]] 2/1222222 ∑∑ − OCOow FwFFwFR . 
 
compounds, respectively.  These values are in close agreement with data reported previously 
from powder X-ray diffraction: 9.635(1) Å (La) and 9.594(1) Å (Ce) 19; and 9.721 Å (La) and 
9.590 Å (Ce) 22.  The final least-squares refinement cycle gave R(F) = 0.0305 (La) and 0.0561 
(Ce) and Rw(F 2o ) = 0.0560 (La) and 0.1424 (Ce).  The largest differences in the Fourier map 
from the room temperature data collections are 1.658/-1.905 e Å-3 from La/Sn2 in the La-
compound and 3.615/-2.506 e Å-3 from Ce/Sn1 in the Ce-compound.  Additional 
crystallographic information in CIF format is provided as Supporting Information. 
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Table 6.2.  Atomic Positions, Site Symmetry and Ueq Values for Ln3Co4Sn13 (Ln = La, Ce) 
 
Atom Wyckoff Site x y z Ueq(Å2)a 
      
       La3Co4Sn13   
Sn1 2a 0 0 0 0.0184(5) 
La 6d ¼ ½ 0 0.0133(3) 
Co 8e ¼ ¼  ¼ 0.0113(5) 
Sn2 24k 0 0.30189(8) 0.15684(7) 0.0178(3) 
 
       Ce3Co4Sn13 (298 K)  
      
Sn1 2a 0 0 0 0.0151(8) 
Ce 6d ¼ ½ 0 0.0101(6) 
Co 8e ¼ ¼  ¼ 0.0085(7) 
Sn2 24k 0 0.30286(10) 0.15688(9) 0.0142(5) 
 
       Ce3Co4Sn13 (140 K)  
      
Sn1 2a 0 0 0 0.0098(7) 
Ce 6d ¼ ½ 0 0.0075(5) 
Co 8e ¼ ¼  ¼ 0.0063(7) 
Sn2 24k 0 0.30306(10) 0.15681(9) 0.0113(4) 
 
 aUeq is defined as one-third of the trace of the orthogonalized Uij tensor. 
 
Table 6.3.  Selected Interatomic Distances (Å) in Ln3Co4Sn13 (Ln = La, Ce) 
 
  La  Ce (298 K) Ce (140 K) 
Sn icosahedra 
Sn1 – Sn2 ( x 12) 3.2806(7)  3.2751(10) 3.2693(10) 
 
Ln cuboctahedra 
Ln – Sn2 ( x 4) 3.3470(6)  3.3335(9) 3.3272(9) 
Ln – Sn2 ( x 8) 3.4274(4)  3.4080(7) 3.3992(6) 
 
Co trigonal prism 
Co – Sn2 ( x 6) 2.6210(3)  2.6114(4) 2.6063(4) 
 
 
 
6.2.3 Physical Property Measurements 
Magnetic data were measured on single crystals using a Quantum Design MPMS 
Superconducting Quantum Interference Device (SQUID) magnetometer.  The zero-field-cooled 
(ZFC) temperature-dependent susceptibility data were taken with applied fields of 0.1 and 1 T 
up to room temperature after being cooled to 1.8 K under zero magnetic field.  The field-
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dependent susceptibility was measured at 2 K by sweeping the magnetic field to 7 T and back.  
The resistivity data have been measured using a standard four probe method down to 0.4 K 
with a Quantum Design Physical Property Measurement System (PPMS) at ambient pressure.  
The specific heat was measured with a Quantum Design PPMS using a thermal relaxation 
method from 0.36 to 30 K in zero applied field; entropy was calculated by integrating the 
specific heat divided by the temperature.  
6.3 Results and Discussion 
6.3.1 Structure 
Ln3Co4Sn13 (Ln = La, Ce) crystallize in the nPm3  space group (No. 223)  with the 
Yb3Rh4Sn13 structure-type.13  The Sn1, Ln, Co, and Sn2 atoms occupy the 2a, 6d, 8e, and 24k 
sites, respectively.  The structure of Ce3Co4Sn13 is shown in Figure 6.1 and is similar to the 
A′A′′3B4O12-type ( 3Im , No. 204) compounds such as [CaCu3](Ge4)O1223 and ACu3Ti4O12.24  
Ln3Co4Sn13 (Ln = La, Ce) have a perovskite-like arrangement where the Sn and Ln atoms 
occupy the A site of the perovskite and Co occupies the B site.13,25,26  The Ln3Co4Sn13 (Ln = La, 
Ce) compounds extend the Yb3Rh4Sn13-type family of compounds with three substructures 
such that the Sn1 atoms form Sn1(Sn2)12 icosahedra, the Ln atoms form Ln(Sn2)12 
cuboctahedra, and the transition metal forms TSn6 trigonal prisms.  Additionally, it can also be 
regarded as the sum of two interpenetrating structures of SnLn3 and CoSn3.   
The Sn1 atoms occupy the origin of the unit cell and form an infinite network of edge-
sharing Sn1(Sn2)12 icosahedra which pack in a CsCl arrangement.  The faces of each Sn1 
icosahedron in the network make contact with 8 CoSn6 trigonal prisms and 12 Ln-centered 
cuboctahedra.  The Sn1—Sn2 distances are 3.2806(7) Å (x 12) for La3Co4Sn13 and 3.2751(10) 
Å (x 12) for Ce3Co4Sn13.  For comparison, the Sn1—Sn2 distances found in the Rh- and Ir-
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analogues are 3.342 and 3.349 Å, respectively.20  These distances are slightly larger than the 
Sn—Sn distances found in β-Sn (4 x 3.02 and 2 x 3.18 Å).27  
 
Figure 6.1.   The structure of Ce3Co4Sn13 highlighting the arrangement of the Sn1(Sn2)12 
icosahedra (bronze), with Co atoms (blue spheres) bonding to Sn2 atoms (bronze 
spheres) forming trigonal prisms.  For simplicity, Ce (green spheres) is 
represented as isolated atoms.  The unit cell is outlined by dotted blue lines. 
 
Within the structure of Ln3Co4Sn13 (Ln = La, Ce), there is a clustered network of 
lanthanide cuboctahedra (Ln(Sn2)12) which are both face- and edge-sharing.  There are two 
different Ln–Sn2 distances:  8 x Ln—Sn2 distances of 3.4274(4) Å and 3.4080(7) Å for Ln = 
La and Ce, respectively, and 4 x Ln—Sn2 interatomic distances of 3.3467(7) Å and 3.3335(9) 
Å for Ln = La and Ce, respectively.  By comparing the Ce—Sn2 cuboctahedral distances of the 
Ce3T4Sn13 (T = Co, Rh, Ir) compounds, we observe that the Rh-analogue is the least distorted,20 
with the ratio of Ln—Sn1 to Ln—Sn2 contacts closest to unity.  It is worthwhile to note that 
Sn1
Co
Sn2
Ce
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similar trends are also found in the LnTIn5 (Ln = La, Ce; T = Co, Rh, Ir)28 and Ln2TIn8 (Ln = 
La, Ce ; T = Rh, Ir) compounds.29  Both structures contain Ln cuboctahedra with 8-fold Ln—In 
and 4-fold Ln—In distances and the cuboctahedra in the Rh-analogues are the least distorted. 
The Co(Sn2)6 trigonal prisms found in Ln3Co4Sn13 (Ln = La, Ce) are shown in Figure 
6.2.  They are corner-sharing with a tilted three-dimensional arrangement that creates “cages” 
which encompass the Sn1 atoms.  This feature is similar to the BO6 octahedra in A′A′′3B4O12-
type compounds and also to the TPn6 (Pn = pnictogen) octahedra found in the structures of 
skutterudites such as LaFe4P12.30   The trigonal prisms contain Co—Sn interatomic distances of 
  
 
Figure 6.2.   Projection of the Co-sublattice with corner-sharing Co(Sn2)6 trigonal prisms.  The 
Co atoms are blue with Sn (1 and 2) atoms represented as bronze.  Ce atoms and 
bonds between the Sn1 and Sn2 atoms have been omitted for clarity. 
 
2.6210(3) Å (x 6) and 2.751(10) Å (x 6) for Ln = La and Ce, respectively.  These distances are 
slightly less than the sum of the covalent radii of Co (1.25 Å) and Sn (1.54 Å), however, similar 
distances are found in the Co-Sn binaries CoSn (2.618 and 2.639 Å),31 CoSn2 (2.737 Å),32 and 
Co3Sn2 (2.703 Å).33  The T—Sn interatomic distance in the isostructural Ce3Rh4Sn13 and 
Sn1
CoSn2
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Ce3Ir4Sn13 compounds are 2.659 Å and 2.667 Å, respectively, which are also slightly shorter 
than the sum of the metallic radii, although larger than the sum of the ionic radii.20  In addition, 
the Rh—Sn2 distances in Yb3Rh4Sn13 are also shorter than the corresponding intermetallic radii 
and it has been suggested that the bonding nature in this compound may be “covalent-ionic”.13  
Given the similar crystal chemistry found in the A′A′′B4O12 compounds, our Ce3Co4Sn13 
compound may be interpreted as the covalent counterpart to A′A′′B4O12. 
6.3.2 Physical Properties 
The magnetic susceptibility (χ) of a single crystal of Ce3Co4Sn13 displays Curie-Weiss 
paramagnetic behavior down to 1.8 K with an applied field of 0.1 T.  This is consistent with 
data reported by Israel et al.,22 and is shown in Figure 6.3.  A Curie-Weiss fit, 
defined by the equation 1/χ = (1/C)T – θcw/C, applied to the inverse susceptibility data in the 
temperature region above 100 K gives a negative Weiss temperature (θcw) of -37 K, indicating 
an antiferromagnetic correlation due to the Kondo effect.  The effective moment (µeff) from the 
Curie constant C, is 2.56 µB/Ce, which is close to the theoretical value of 2.54 µB for the Ce3+ 
free ion and similar to the previously reported moment of 2.58(2) µB.22  This, along with the 
fact that La-analogue behaves as a Pauli paramagnet, suggests that the magnetic contribution 
comes from Ce, and Co does not carry a magnetic moment in Ce3Co4Sn13.  For comparison, the 
effective moments reported for the Rh- and Ir- analogues are µeff = 2.45(2) µB20 and 2.45 µB,15 
respectively. The field-dependent magnetization data, M(H), at 2 K for Ce3Co4Sn13 are shown 
in Figure 6.4a.  The data fit well with a doubly degenerate ground state yielding µsat = gJz µB of 
0.64 µB/Ce.  Figure 6.4b shows the magnetic data for La3Co4Sn13.  A superconducting signal is 
detected below 2.85 K with constant Pauli paramagnetic behavior above this temperature.  The 
type II superconductor behavior with Hc1 ~20 G and an upper critical field (Hc2) ~1 T (not 
  113
 
Figure 6.3.   Magnetic susceptibility data for Ce3Co4Sn13 in fields of 0.1 and 1 T.  Inset: inverse 
magnetic susceptibility for H = 1 T. 
 
shown), is most likely conventional BCS superconductivity mediated by the vibration of the 
lattice.  Perfect diamagnetism is expected in the superconducting state below Hc1, which is 
represented by the susceptibility value (4πM/H) of -1 or 4πM is equal to -H.  The data clearly 
show a full Meissner effect, and no superconductivity from Sn inclusions has been detected in 
this particular sample.   
Electrical resistivity data for La3Co4Sn13 are shown in Figure 6.5a.  The resistivity 
suddenly drops to zero in the La-compound at Tc ~ 2.8 K due to the superconducting transition, 
consistent with the susceptibility data.  (Israel et. al. report a Tc = 2.4 K, however no transport 
data were presented due to Sn flux contamination.22)  Above Tc, the resistivity increases as T3, 
consistent with Wilson’s theory of the s-d hybridization effect in transition metals.34  In
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Figure 6.4.   (a) Field-dependent magnetization, M(H), for Ce3Co4Sn13 at T = 2 K.  (b) Zero 
field-cooled (ZFC) magnetic susceptibility (χ) as a function of temperature (T) in a 
magnetic field of H = 10 G for a La3Co4Sn13 single crystal. (Inset) Field-
dependent magnetization, M(H), for La3Co4Sn13 at T = 2 K.  
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addition, there is a shoulder between 10 – 160 K.   This can be attributed to the s-d scattering 
between the conduction electrons and electrons from the unfilled Co d-band.35,36  At higher 
temperatures, the resistivity rises less rapidly than the usual linear dependence in temperature, 
which can be related to the high temperature saturation of the resistance where the electron 
mean free path is similar to the interatomic distance.37  The temperature dependence of the 
resistivity of Ce3Co4Sn13, shown in Figure 6.5b, is very peculiar.  With decreasing temperature, 
Ce3Co4Sn13 displays metallic behavior down to ~ 160 K.  A sudden kink at 160 K is observed, 
which could be due to a structural change.  A single crystal X-ray diffraction experiment at 140 
K, however, shows no change in the crystal structure from that of the 298 K data as shown in 
Tables 6.1-6.3.  Thus, it must be an intrinsic behavior which we do not fully understand at 
present.  Below 160 K, the resistivity shows a rather complicated semiconducting behavior.  
There are two slope changes between 20 and 150 K which may have the same origin as in the 
La-compound.  Below 20 K, the resistivity increases dramatically and a kink is observed at T ~ 
0.6 K corresponding to the transition observed in the specific heat data (~ 0.65 K).38  We 
subtracted the resistivity of the La-compound from the resistivity of the Ce-compound to 
isolate the magnetic contribution of the Ce f-moment, assuming that lattice and electronic 
contributions are the same as in the La-compound, other than f-electron contributions.  As seen 
in Figure 6.6a, above 160 K, one can clearly see the linear behavior in log T, which is 
indicative of Kondo scattering at high temperature.  Below the slight kink at 160 K, only a 
limited region follows the log T dependence.  This feature below 100 K may be due to Kondo 
scattering along with magnetic fluctuations. We note that there was some difficulty in 
collecting reliable resistivity data due to the Sn-inclusions inside the crystal which led to 
significant changes in resistivity behavior proportional to the amount of the Sn-inclusion. The
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Figure 6.5.   (a) Temperature-dependence of the electrical resistivity, ρ(T), for La3Co4Sn13.  
The inset shows the low temperature portion of the ρ(T) with a solid line drawn to 
depict the sharp transition to the superconducting state at Tc ~ 2.8 K. (b) The ρ(T) 
for Ce3Co4Sn13 with insets showing the transitions at low temperatures. 
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resistivity data presented here for Ce3Co4Sn13 were reproducible from measurements on several 
single crystals that had no Sn-inclusions. 
The negative θcw from the susceptibility of Ce3Co4Sn13 suggests an antiferromagnetic 
nature for this transition.  The character of the magnetic transition, however, is not obvious as 
no long range order has been detected at 0.8 K from powder neutron diffraction experiments.38  
Moreover, in the specific heat data under applied magnetic field of 2.5 T or more, this kink, 
originating presumably from short range magnetic order, is suppressed, and Kondo impurity 
behavior appears.38  Resistivity measurements with an applied magnetic field perpendicular to 
the current were performed to give better insight to the origin of this magnetic transition at low 
temperatures and is shown in Figure 6.6b.  Interestingly, the kink at low temperatures 
disappears, and the resistance at 0.4 K drops linearly with applied magnetic field and decreases 
~ 20 % with applied field of 9 T.  It would be interesting to investigate with higher magnetic 
fields in order to suppress the low temperature resistivity to determine if the coherent scattering 
can be recovered. 
Temperature-dependent specific heat divided by the temperature (Cp/T) for Ce3Co4Sn13 
and La3Co4Sn13 have been measured, and is roughly consistent with  behavior from previous 
reported data.22,38  The linear specific heat coefficient (γ), shown in Figure 6.7a, can be 
estimated by fitting the data with γ + βT2 above the transition temperature, giving ~ 4 mJ/mol-
K2 for La3Co4Sn13.  Below 5 K in Ce3Co4Sn13, Cp/T increases dramatically due to magnetic 
short range fluctuations followed by a peak at ~ 0.65 K, indicating a magnetic phase transition.   
Although γ estimated from extrapolating Cp/T to zero temperature is about 75 mJ mol-1 K-2 in 
the Ce-compound, Cp/T is enhanced up to 4280 mJ mol-1 K-2 at the transition peak temperature.  
This large enhancement of Cp/T can be caused by large short range magnetic fluctuations, but
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Figure 6.6.   (a) Resistivity data for Ce3Co4Sn13 with subtracted La3Co4Sn13 contribution is 
plotted on a logarithmic temperature scale.  The arrow shows the change in slope. 
(b) Relative resistance with respect to the temperature at applied magnetic fields 
of 0 T (closed circles), 1 T (open circles), 3 T (closed triangles), 5 T (open 
triangles) and 9 T (closed squares). 
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evidences of Kondo scattering in the susceptibility, resistivity, and entropy data support a 
heavy mass state involved in this low temperature behavior.  One can isolate the magnetic part 
of the specific heat of Ce3Co4Sn13 by subtracting the corresponding La3Co4Sn13 data in the 
normal state to exclude lattice contributions.  The corresponding entropy is obtained by 
integrating Cp/T after subtraction and is shown in Figure 6.7b.  The magnetic entropy should 
have an R ln 2 value at the transition temperature if the spin is doubly degenerate, i.e. two spin 
degrees of freedom in its ground state.  The magnetic entropy recovered at 10 K is about 0.85 R 
ln 2.  This value, close to R ln 2, implies the ground state is doubly degenerate as discussed 
earlier in relation to the magnetization results.  The reduction of the entropy from R ln 2 around 
the transition temperature suggests the existence of the Kondo effect, as indicated from the 
resistivity data.  This value is larger than the previously reported magnetic entropy at 20 K 
which is 60 – 70 % of R ln 2.22  
6.4  Summary 
We have synthesized the Ln3Co4Sn13 (Ln = La, Ce) compounds in single-crystalline 
form, characterized their structures by single crystal X-ray diffraction, and investigated their 
magnetic and transport properties.  Specific heat data show evidence for heavy mass behavior 
in Ce3Co4Sn13 and a magnetic phase transition at T ~ 0.65 K.  La3Co4Sn13 becomes 
superconducting at Tc ~ 2.8 K, while transport behavior for the Ce-analogue is more complex 
and contains both a metallic and semiconducting character.  Ln3Co4Sn13 (Ln = La, Ce) is a 
phase worth further investigation because of the similarity of the structural units (cuboctahedra) 
found in this phase and the CeTIn5 and Ce2TIn8 (T = Co, Rh, Ir) compounds.   The heavy 
fermionic nature along with the low magnetic transition temperature makes Ce3Co4Sn13 a 
particularly interesting candidate for the study of magnetic quantum critical phenomena.  The
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Figure 6.7.   (a) Specific heat data for Ce3Co4Sn13.  (b) Entropy of Ce3Co4Sn13 obtained by 
integrating Cp/T of Ce3Co4Sn13 after subtracting the corresponding La3Co4Sn13 
data. 
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behavior of the magnetic field dependence is worth further investigation. Also,thermal 
transport measurements, such as thermal conductivity and thermoelectric power, may prove 
interesting due to the caged structure of these materials. 
The purpose of the work presented in this thesis has been to provide sufficient 
background and motivation for the search for highly correlated materials in order to understand 
the relationship between crystal chemistry and physical behavior.  Our approach, from a 
chemist’s perspective, has been driven by studying the structures in terms of dimensionality 
and local environments of the structural units (i.e. the hybridization from the rare earth atoms 
and their surrounding neighbors).  We note that high quality single crystals are essential to the 
study of the properties of highly correlated systems, and especially vital to understanding the 
relationship between magnetism and superconductivity, and determining why certain structure 
types favor heavy-fermion superconductivity.  
It would be of great value to secure prediction capabilities for the compositions and 
structures of intermetallic compounds.  While the compounds discussed here have been 
ternaries of the metallic elements, with a quick scan of the literature, one will see that more 
complex compositions lead to more complex crystal structures, thus enhanced, novel properties 
begin to surface.  An improved rate of discovery and understanding of novel structures and 
properties largely depends on a better understanding of the periodic table. 
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APPENDIX A.  ORIENTATION OF A β-YbAlB4 SINGLE CRYSTAL USING THE 
NONIUS KAPPACCD X-RAY DIFFRACTOMETER 
 
A.1 Objective 
To determine the crystal orientation for anisotropic measurements, the faces of a 1 x 2 x 
4 mm3 plate-shaped single crystal of β-YbAlB4 were indexed using single crystal X-ray 
diffraction.   
A.2 Procedure and Results 
The crystal was mounted vertically with epoxy to the tip of a glass fiber as shown in 
Figure A.1, and the fiber was inserted into the goiniometer.  A 10° φ scan was done to quickly 
determine the phase.  Lattice parameters obtained from this scan were a = 7.2303 Å, b = 9.3347 
Å, c = 3.5043 Å, and V = 239.46 Å3.  To correctly identify the crystallographic axes of the  
 
 
 
Figure A.1.  Indexed faces of a plate-shaped β-YbAlB4 single crystal. 
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crystal, the Orientation/Measure tool was used from the SHELXL Program.1  It was found that 
the crystal axes did not coincide with the planar surfaces (i.e. perpendicular to the faces) of the 
crystal but rather extend through the edges of the crystal. 
 
 
 
                                                 
1 Sheldrick, G. M. In SHELXL-97, Program for Refinement of Crystal Structures, University of Göttingen, 
Germany, 1997; University of Göttingen: Göttingen, Germany, 1997. 
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APPENDIX B.  STRUCTURE AND PHYSICAL PROPERTIES OF Ce2Rh3Bi5 
 
B.1 Introduction 
In many ternary intermetallic systems, RE-T-X (RE = rare-earth, T = transition metal, X 
= main group element), the hybridization between the localized f-electrons of rare-earth 
elements, and the itinerant conduction d-electrons supplied by surrounding atoms, leads to very 
extraordinary physical phenomena.  As a result, several ternary rare-earth intermetallic 
compounds with the composition RE2T3X5 (T = Mn, Fe, Co, Ni, Ru, Rh, Os, Ir, Pt, or Au; X = 
Al, Si, Ga, Ge, In, Sn) have been subjected to much investigation, including neutron 
diffraction1-5 and thermopower experiments,6 particularly those containing silicon.  These 
compounds exhibit a variety of appealing physical property behavior including 
superconductivity,7-9 the coexistence of magnetism and superconductivity,10 along with valence 
fluctuations,6,11,12 Kondo behavior,13 and large positive magnetoresistance.14,15  In addition, a 
few of these compounds are reported to have moderately enhanced values of the linear 
Sommerfeld coefficient (γ) of the electronic specific heat, which at low temperatures are on the 
order 102 mJ mol-1 K-2 as a result of strong coupling between the conduction and f-electrons.16-
18  Yb2Fe3Si5 is a Kondo lattice system and also a heavy fermion with γ ~ 500 mJ mol-1 K-2.13  
Over 100 compounds have been identified with the RE2T3X5 formula.  To date, five 
structure types exist within this family of compounds.  Each of these layered parent “2-3-5” 
structure types is derived from the tetragonal (I4/mmm, No. 139) BaAl4 structure type.  
Compounds of the Sc2Fe3Si5-type19 adopt a tetragonal (P4/mnc, No. 140) structure, while 
compounds with the U2Co3Si5-type (Ibam, No. 72) and Y2Rh3Sn5-type20 (Cmc21, No. 36) 
structures are orthorhombic.  [Note that the RE2Co3Si5 (RE = Tb, Dy) compounds crystallize 
with the monoclinic (C2/c, No. 15) Lu2Co3Si5 structure21 which is a structural deformation 
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variant of the U2Co3Si5 structure.]  Isomorphs of Yb, Lu2Ir3Ge5 crystallize in space group 
Pmmn (No. 59).22  Indides Ln2Au3In5 (Ln = Ce, Pr, Nd, Sm) crystallize with the Ce2Au3In5 
structure (Pmn21, No. 31),23 while stannides Ln2T3Sn5 (T = Rh, Pt) crystallize with the 
Yb2Pt3Sn5 structure (Pnma, No. 62).24  Structural stability studies within each 2-3-5 system 
often show a change in the structure type adopted for the latter rare-earth analogues. 
Here, we report, to the best of our knowledge, the first Bi-containing member of this 
family of structurally-related 2-3-5 compounds.  In light of the interesting magnetic and 
transport behavior which had been observed in other 2-3-5 intermetallic systems, a study of the 
synthesis, crystal structure, magnetization, electrical resistivity and specific heat data for 
Ce2Rh3Bi5 is presented. 
B.2 Experimental 
B.2.1 Synthesis 
The preparation of Ce2Rh3Bi5 samples was done by collaborators at the Department of 
Physics at the University of Michigan.  It was found that this phase is one of multiple phases 
present within each sample batch, including a new polymorph of CeRhBi, although it is easily 
distinguishable by its needle-like shape. 
B.2.2 Structure Determination by X-ray Diffraction 
Structure determination was performed by collecting single crystal intensity data at 
room temperature on a Nonius KappaCCD X-ray diffractometer equipped with graphite 
monochromatized Mo Kα radiation with λ = 0.71073 Å.  A suitable sized fragment (0.25 x 0.05 
x 0.05 mm3) from an irregularly-shaped, black crystal of Ce2Rh3Bi5 was mechanically selected 
and glued to the tip of a glass goniometer fiber.  Lattice parameters were obtained from a scan 
in 15° φ. Integration of the data was done using DENZO26 and the structure was solved and 
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refined using the SHELXL software package.27  Crystallographic and refinement parameters 
are given in Table B.1. 
  
Table B.1.  Crystallographic and Refinement Data for Ce2Rh3Bi5 
 
formula Ce2Rh3Bi5 
formula weight 544.62 
crystal system orthorhombic 
space group Cmc21 (No. 36) 
a (Å) 4.5980(2) 
b (Å) 27.1000(17) 
c (Å) 7.4310(4) 
V (Å3) 925.95(9) 
Z 12 
crystal dimensions (mm3) 0.03 x 0.05 x 0.05 
temperature (K) 298(2) 
crystal density (g/cm3) 11.720 
θ range (˚) 2.74 – 30.06 
μ (mm-1) 109.367 
collected reflections 1348 
unique reflections 733 
Rint 0.0611 
h -6 ? 6 
k -37 ? 38 
l -10 ? 10 
extinction coefficient 0.00073(5) 
data/parameters/restraints 1348/63/1 
Tmax, Tmin 0.1707, 0.0734 
)](2[ 22 oo FFR σ> a 0.0386 
)( 2oFR w
b 0.0860 
Δρmax, min (e Å-3) 5.440, -3.332 
S (goodness of fit on Fo2) 1.066 
       a ( ) ∑∑ −= OCO FFFFR  
      b ( ) ( )[ ][ ( )[ ]] 2/1222222 ∑∑ − OCOow FwFFwFR  
 
Without prior knowledge of the stoichiometry or related structures, the structure of 
Ce2Rh3Bi5 was solved using direct methods with SIR97.28  Non-centrosymmetric Cmc21 (No. 
36), a subgroup of supergroup Cmcm (No. 63), was chosen as the likely space group due to the 
strong reflections.  This led to a body centered cell which resulted in two Ce sites, three Rh 
sites, and 5 Bi sites, all on 4a positions.  The structural model presented here was generated 
from an automatic interpretation of direct methods, thus the atomic positions for Ce2Rh3Bi5 
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have not been refined using the reported positions for the isostructural and parent compound 
Y2Rh3Sn5.29   
A correction to the experimental intensity data for absorption was made along with the 
application of a weighting scheme and the anisotropic refinement of the atomic displacement 
parameters.  Before an extinction coefficient could be calculated, a twinning by inversion was 
observed.  The translationengleiche symmetry reduction (index 2) from space group Cmcm to 
the first order variant Cmc21 is responsible for this occurrence.  Twin refinement procedures 
were followed for the Ce2Rh3Bi5 merohedral twin with the twin components related by a 180° 
rotation about [001] and the twin fraction was found to be 51.5:48.5.  A final full-matrix least-
squares on F2 cycle was done following the calculation of an extinction coefficient.  No 
obvious extra crystallographic symmetry was detected in the presented model.  A 
)](2[ 22 oo FFR σ>  of 0.0386 was obtained and the Fourier difference map revealed residual 
peaks of 5.440 and -3.332.  The atomic parameters and bond distances for Ce2Rh3Bi5 are listed 
in Tables B.2 and B.3, respectively. 
 
Table B.2.  Atomic Positions, Site Symmetry and Displacement Parameters for Ce2Rh3Bi5 
 
Atom Wyckoff Position x y z Ueqa 
Ce1 4a ½ 0.32865(6) -0.6741(2) 0.0130(3) 
Ce2 4a 0 0.47465(6) -0.2071(2) 0.0114(3) 
Rh1 4a ½ 0.44994(9) 0.0778(3) 0.0113(5) 
Rh2 4a 0 0.39533(10) -0.4587(4) 0.0138(5) 
Rh3 4a ½ 0.72275(7) 0.3299(3) 0.0116(5) 
Bi1 4a ½ 0.54725(4) -0.04035(14) 0.0106(3) 
Bi2 4a 0 0.40401(4) 0.16761(14) 0.0108(3) 
Bi3 4a ½ 0.62156(4) 0.30098(16) 0.0138(3) 
Bi4 4a 0 0.29557(4) -0.38500(16) 0.0117(2) 
Bi5 4a 0 0.28983(4) 0.04005(14) 0.0116(3) 
      aUeq is defined as one-third of the trace of the orthogonalized Uij tensor. 
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Table B.3.  Selected Interatomic Distances for Ce2Rh3Bi5 
 
bond distance (Å) bond distance (Å) 
    
Ce1 – Rh2 ( x 2) 3.335(2) Rh2 – Bi1 ( x 2) 2.8417(18) 
Ce1 – Bi1 3.5091(19) Rh2 – Bi2 2.787(3) 
Ce1 – Bi2 ( x 2) 3.2941(14) Rh3 – Bi3 ( x 2) 3.036(2) 
Ce1 – Bi4 ( x 2) 3.2709(16) Rh2 – Bi4 2.758(3) 
Ce1 – Bi5 ( x 2) 3.3015(15)   
  Rh3 – Bi3 2.751(2) 
Ce2 – Rh1 ( x 2) 3.196(2) Rh3 – B4 ( x 2) 2.8430(15) 
Ce2 – Rh1 ( x 2) 3.467(2) Rh3 – Bi4 2.895(2) 
Ce2 – Rh2 2.849(3) Rh3 – Bi5 ( x 2) 2.8000(15) 
Ce2 – Bi1 ( x 2) 3.2700(14) Rh3 – Bi5 2.819(2) 
Ce2 – Bi1 ( x 2) 3.4306(16)   
Ce2 – Bi2 3.379(2) Bi1 – Bi2 ( x 2) 3.4263(11) 
Ce2 – Bi2  3.4175(19) Bi1 – Bi3 3.2386(16) 
Ce2 – Bi3 ( x 2) 3.4766(13) Bi2 – Bi3 ( x 2) 3.6316(13) 
  Bi2 – Bi5 3.2365(14) 
Rh1 – Bi1 2.779(3) Bi3 – Bi4 ( x 2) 3.4984(12) 
Rh1 – Bi1 2.839(3) Bi4 – Bi5 3.1624(15) 
Rh1 – Bi2 ( x 2) 2.6981(13) Bi4 – Bi5 ( x 2) 3.3093(11) 
Rh1 – Bi3 2.826(3)   
 
B.2.3 Physical Property Measurements 
Measurements of the magnetic and transport properties were performed at the 
Department of Physics at the University of Michigan. 
B.3 Results 
B.3.1 Structure 
Ce2Rh3Bi5 crystallizes with the orthorhombic Y2Rh3Sn5 structure type,29 with a rather 
complex structure built up of two-dimensional RhBi rings which when stacked encapsulate Ce 
atoms in three-dimensional cages as shown in Figure B.1.  This structure contains similar 
motifs to the Yb2Pt3Sn5 (Pnma)24 and Ce2Au3In5 (Pmn21)23 structures.  The differences in these 
three structures have been described as resulting from the ordering of the TX (T = Rh, Pt, Au; X 
= In, Sn) atoms within the polyanionic networks.23  The Ce1, Ce2, Rh1, Rh2, Rh3, Bi1, B2, B3, 
B4 and B5 atoms of Ce2Rh3Bi5 all reside on inequivalent 4a crystallographic symmetry sites.   
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Figure B.1. Crystal structure of Ce2Rh3Bi5 with unit cell outlined as a solid blue line.  Bonds 
to the Ce atoms have been omitted for clarity. 
 
The Ce atoms have two different coordinations which are illustrated in Figure B.2.  Ce1 
is 9-coordinate and bonds to two Rh2, two Bi2, two Bi4 and two Bi5 intraplanar atoms, and one 
Bi1 interplanar atom.  Ce2 is 13-coordinate with intraplanar bonds to four Rh1, four Bi1, and 
two Bi3 atoms, and interplanar bonds to one Rh2, and two Bi2 atoms.  In Ce2Rh3Bi5, the Ce 
atoms reside in distorted pentagonal and octagonal cages created by the Rh and Bi atoms, 
whereas in Ce2Au3In5, the Ce atoms are embedded in distorted pentagonal and hexagonal 
channels.23  The shortest Ce···Ce distances are 3.962 Å which is well above the Hill limit30 of 
3.40 Å for f-electron localization. 
CeBi
Rh
b
c
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Figure B.2.  Ce environments in Ce2Rh3Bi5. 
 
 The Rh and Bi atoms form complex 3-dimensional polyanions.  This geometry may be 
viewed alternatively as stacked pentagonal and octagonal rings in the (200) plane which are 
shown in Figure B.3.  Rh—Bi distances slightly longer than the sum of the covalent radii 2.77 
Å.31  Bi—Bi distances range from 3.1624(15) – 3.6316(13) Å. 
 
Figure B.3.  RhBi rings of Ce2Rh3Bi5 with unit cell as a dotted blue line.  Ce atoms are blue 
spheres, Rh atoms are green spheres, and Bi atoms are red spheres.  
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B.3.2 Physical Properties 
Magnetic susceptibility data for Ce2Rh3Bi5 is largely anisotropic with paramagnetic 
behavior down to 1.8 K.  At 1.8 K, χ-perpendicular is about six times larger than χ-parallel. 
 Paramagnetic Curie temperatures are 30 K and -96  K for χ-perpendicular and χ-parallel, 
respectively.  The effective moment is 2.69μB for χ-parallel, very close to that of the Ce3+ free 
ion, indicating that the Ce-ions are well localized with a valence of 3+ at high temp.  Specific 
heat data show a sharp peak at 1.54 K suggesting a magnetic transition.  From the plot of C/T 
vs T2, an electronic specific heat coefficient, γ of 30 mJ Ce-mol-1 K-2, suggestive of a very 
moderate heavy fermion system.  A Debey temperature of 177.4 K is estimated from the 
phononic specific heat coefficient, β.  Resistivity is constant and large ~2.5 mΩ-cm above 2 K.   
At ~1.5 K, a round curvature is found and resistivity sharply decreases below 1 K. The 
temperature at which the sharp drop appears gradually decreases with increasing magnetic 
fields, suggesting an antiferromagnetic character of Ce2Rh3Bi5. 
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APPENDIX C.  CRYSTALLOGRPAHIC AND PHYSICAL PROPERTY DATA FOR 
YbNi0.77Sb2, CeFe0.76Ni0.24Sb3 AND CeNi0.73Pd0.23Sb3 
 
C.1 Experimental 
C.1.1 Synthesis 
 
 
Figure C.8.  Temperature profile for YbNi0.77Sb2, CeFe0.76Ni0.24Sb3, and CeNi0.73Pd0.27Sb3. 
 
 
C.2 Crystallographic Data 
 
Table C.1.   Structural Refinement Data for YbNi0.77Sb2, CeFe0.76Ni0.24Sb3, and 
CeNi0.73Pd0.27Sb3 
 
formula YbNi0.77Sb2 CeFe0.76Ni0.24Sb2  CeNi0.73Pd0.27Sb2 
formula weight 461.45 561.90   576.949 
space group P4/mmm Pbcm   Pbcm 
structure type HfCuSi2 CePdSb3   CePdSb3 
a (Å) 4.3060(6) 12.7540(4)   12.7200(3) 
b (Å) ---- 6.1920(7)   6.2470(6) 
c (Å) 9.4070(12) 12.1980(8)   12.2810(7) 
V (Å3) 172.42(4) 963.31(13)   975.87(11) 
Z 2 8    8 
crystal dimensions (mm3) 0.025 x 0.025 x 0.025 0.050 x 0.075 x 0.075 0.025 x 0.10 x 0.10 
temperature (K) 296(2) 298(2)   293(2) 
calculated density (g/cm3) 8.786 7.749   9.326 
θ range (o) 4.33 – 29.93 3.19 – 30.05  3.20 – 30.01 
absorption coefficient (mm-1) 45.678 28.828   31.240 
collected reflections 486 2608   2670 
unique reflections 184 1462   1486 
Rint 0.0411 0.0559   0.0557 
h -5 < h < 6 -17 < h < 17  -17 ≤ h ≤ 17 
k -5 < k < 6 -8 < k < 8   -8 ≤ k ≤ 8 
Time (h)
Te
m
pe
ra
tu
re
 (K
)
RT
1273 K
150 h
943 K
5 
h
24 h
end
5 K h -1
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Table C.1 cont’d. 
 
l -12 < l < 13 -16 < l < 16  -17 ≤ l  ≤ 17 
data/parameters/restraints 184/13/0 1462/54/0   1468/54/0 
goodness of fit on 2oF  1.193 1.073   1.065 
( )FR for 2oF > ( )aoF 22σ  0.0328 0.0355   0.0338 ( )bow FR 2  0.0720 0.0652   0.0496 
extinction coefficient  0.0014(11) 0.00072(5)   0.00061(4) 
∆ρmax (e Å-3)/ ∆ρmin (e Å-3) 3.014/-2.083 3.089/-2.303  3.208/-2.045 
 
 a ( ) ∑∑ −= OCO FFFFR  
  b ( ) ( )[ ][ ( )[ ]] 2/1222222 ∑∑ − OCOow FwFFwFR . 
 
 
 
 
Table C.2.   Atomic Positions, Site Symmetry and Ueq Values for YbNi0.77Sb2, 
CeFe0.76Ni0.24Sb3, and CeNi0.73Pd0.27Sb3 
 
atom Wyckoff site x y z occupancy  Ueq(Å2)a 
       
   YbNi0.77Sb2    
Yb 2c ¼ ¼ 0.75859(9) 1.000 0.0165(3) 
Ni 2a ¾ ¼ 0 0.766(12) 0.0169(12) 
Sb1 2c ¼ ¼ 0.13656(17) 1.000 0.0235(4) 
Sb2 2b ¾ ¼ ½ 1.000 0.0167(4) 
 
   CeFe0.76Ni0.24Sb3   
Ce 4c 1.29968(5) ¼ ½ 1.000 0.01226(16) 
Ce 4d 1.30508(5) -0.77560(9) ¼ 1.000 0.01233(16) 
T 8e 1.09858(9) -0.54191(15) 0.36311(8) 0.76(5) Fe 0.0149(4) 
     0.24(5) Ni  
Sb1 4c 1.22129(6) ¼ ½ 1.000 0.01289(18) 
Sb2 4d 1.50277(4) -1.01332(7) 0.37632(3) 1.000 0.01341(15) 
Sb3 8e 1.02776(6) ¼ ½ 1.000 0.01434(18) 
Sb4 4c 0.94205(6) -0.39874(10) ¼ 1.000 0.01473(19) 
Sb5 4d 1.21670(6) -0.26916(10) ¼ 1.000 0.01365(18) 
 
   CeNi0.73Pd0.27Sb3   
Ce 4c 1.30023(5) ¼ ½ 1.000 0.01035(15) 
Ce 4d 1.30579(5) -0.77805(9) ¼ 1.000 0.01057(15) 
T 8e 1.09962(7) -0.54643(12) 0.36508(7) 0.733(7) Ni 0.0133(3) 
     0.267(7) Pd  
Sb1 4c 1.22690(6) ¼ ½ 1.000 0.01237(18) 
Sb2 4d 1.50327(4) -1.01475(7) 0.37659(4) 1.000 0.01167(15) 
Sb3 8e 1.02708(6) ¼ ½ 1.000 0.01571(19) 
Sb4 4c 0.94102(6) -0.41302(11) ¼ 1.000 0.01347(18) 
Sb5 4d 1.22043(6) -0.27169(10) ¼ 1.000 0.01310(18) 
 
aUeq is defined as one-third of the trace of the orthogonalized Uij tensor. 
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Table C.3.  Selected Interatomic Distances (Å) in YbNi0.77Sb2 
 
 
compound Yb 
  
within Sb square nets  
Sb2 – Sb2 ( x 4) 3.0448(4) 
  
Ln – Sb2 ( x 4) 3.2485(7) 
Ln – Sb1 ( x 4) 3.2005(6) 
Ln – Ni ( x 4) 3.1293(7) 
  
Ni – Sb1 ( x 4) 2.5071(9) 
 
 
 
 
Table C.4.  Selected Interatomic Distances (Å) in CeFe0.76Ni0.24Sb3, and CeNi0.73Pd0.27Sb3 
 
 CeFe0.76Ni0.24Sb3 CeNi0.73Pd0.27Sb3 
Within Sb nets   
Sb2 – Sb2 3.0226(8) 3.0379(9) 
Sb2 – Sb2 ( x 2) 3.0968(4) 3.1093(9) 
Sb2 – Sb2 3.0817(8) 3.1246(3) 
 
Sb3 – Sb3 ( x 2) 3.1760(5) 3.1985(5) 
Sb4 – Sb5 3.0595(10) 3.0393(10) 
   
Ln1 – Sb5 ( x 2) 3.2301(4) 3.2365(3) 
Ln1 – Sb1 ( x 2) 3.2534(4) 3.2598(4) 
Ln1 – Sb2 ( x 2) 3.3367(7) 3.3358(7) 
Ln1 – Sb2 ( x 2) 3.3589(7) 3.3585(7) 
Ln1 – Sb3 3.4681(10) 3.4745(10) 
Ln1 – T  3.5544(11) 3.5617(9) 
Ln2 – Sb1 ( x 2) 3.2352(4) 3.2348(3) 
Ln2 – Sb4 3.2428(9) 3.2507(9) 
Ln2 – Sb5 3.2574(9) 3.2694(9) 
Ln2 – Sb2 ( x 2) 3.3013(7) 3.3035(7) 
Ln2 – Sb2 ( x 2) 3.3192(7) 3.3198(7) 
Ln2 – T  ( x 2) 3.3066(12) 3.3119(10) 
T – Sb1 2.6264(11) 2.6427(9) 
T – Sb3 2.6213(10) 2.6382(10) 
T – Sb3′ 2.6543(11) 2.6507(9) 
T – Sb4 2.5835(12) 2.6004(10) 
T – Sb4′ 2.6559(12) 2.7403(10) 
T – Sb5 2.6505(12) 2.7027(10) 
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Figure C.2.   Plot of the volume trend for the LnNi1-xSb2 (Ln = Gd – Er, Yb) compounds. 
 
 
C.3 Physical Property Data 
 
 
Figure C.3a.  Magnetization data for single crystalline YbNi0.77Sb2 with H║c. 
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Figure C.3b.  Transport data for single crystalline YbNi0.77Sb2 in ab-plane. 
 
 
 
 
 
Figure C.4a.   Anisotropic magnetization data for a single crystal of CeFe0.76Ni0.24Sb3. 
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Figure C.4b.  Anisotropic magnetization data for CeNi0.73Pd0.27Sb3. 
 
 
 
 
 
Figure C.5.   Transport data along the bc-plane for a single crystal of CeFe0.76Ni0.24Sb3. 
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C.4 Discussion 
C.3.1 YbNi0.77Sb2 
Single crystals of YbNi0.77Sb2 were grown by combining an arc-melted button 
(1Yb:1Ni:2Sb) with excess Sb flux and heated following the temperature profile in Figure C.1.   
This new phase crystallizes with the well-known HfCuSi2-type structure.  A plot of the volume 
trends shown in Figure C.2 suggests that Yb is divalent.  No ordering was observed down to 2 
K, in addition, the χ is very small.  Electrical resistivity data indicates metallic behavior. 
C.3.2 CeFe0.76Ni0.24Sb3 and CeNi0.73Pd0.27Sb3 
Both CeFe0.76Ni0.24Sb3, and CeNi0.73Pd0.27Sb3 were grown in single crystalline form 
using Sb flux following the temperature profile in Figure C.1.  The starting ratios were 
1Ce:1T(1):1T(2):20Sb.  These two new compounds adopt the β-CeNiSb3 structure type, which 
is confirmed from both single crystal and powder X-ray diffraction experiments.  Aside from 
Sb, no other impurities were identified in the powder patterns. 
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